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Chapter 1

General introduction

Consequences of hearing impairment and the importance of
measuring listening effort.
Hearing impairment is one of the most prevalent disabilities in the European population
(Christensen et al. 2009; Roth, Hanebuth, and Probst 2011). Listening to speech in noisy
environments is a demanding task, especially when listeners suffer from impaired hearing abilities. When speech understanding is challenging, listeners depend on auditory
factors such as their hearing ability and simultaneously on their cognitive abilities such
as working memory capacity (Rönnberg et al. 2010). Several types of cognitive resources
are required to tackle linguistic and nonlinguistic challenges for successful speech recognition in background noise, including attention, working memory and language processing (Peelle 2012). Hearing-impaired listeners continuously have to expend an extensive
amount of cognitive resources to tackle everyday life communication situations. The
consequence is, that everyday conversation and listening situations may become very
difficult, tiring, effortful and frustrating as the intense application of cognitive resources
causes an increased processing load (Jerger et al. 1995; Pichora-Fuller, Johnson, and
Roodenburg 2009). Additionally, indirect long term consequences, such as increased levels of distress, lack of energy, increased sick leave, fatigue and an increased need for recovery are typically reported by hearing impaired listeners (Nachtegaal et al. 2009; Hasson
et al. 2009). In other words, hearing impairment negatively affects the ability of listeners to communicate in daily life and on the long term, it even puts their health at risk.
It is noteworthy that recent research has shown, that hearing aid users’ daily life listening and
communication situations mainly take place at positive signal-to-noise ratios (SNR) at which
high speech recognition performance can be reached (Haverkamp et al. 2015). However,
even at a high level of performance, hearing-impaired listeners may expend more effort
than normal-hearing listeners during speech recognition (Wendt, Hietkamp, and Lunner
2017; Tun, McCoy, and Wingfield 2009; Wingfield, Tun, and McCoy 2005; Rabbitt 1991;
Wingfield et al. 2006; McCoy et al. 2005). It is therefore crucial to investigate the concepts
of cognitive demands and listening effort to better understand the challenges hearingimpaired listeners face in daily life. The question is, how to assess the amount of effort an
individual spends during speech recognition? In the field of audiology and hearing research,
audiometric and intelligibility measures, such as word or sentence recognition measures
are traditionally used to assess the individuals’ hearing abilities or to evaluate hearing aid
benefits. Although commonly applied, those measures are insensitive to listening effort in
general and therefore cannot reflect differences or changes in effort (Pichora-Fuller et al.
2016). For example, to preserve comparable performance during speech recognition tasks,
participants expend more mental effort in the presence of a single-talker masker than when
stationary or fluctuating maskers are presented (Koelewijn, Zekveld, Festen, and Kramer
2012). There is a compelling need to extend commonly applied speech recognition measures
with measures of listening effort to gain a complete picture on how the allocation of effort
differs across various conditions.
The constant demand for high effort during listening can create a major problem as
the hearing-impaired listeners’ social interactions may suffer greatly. People that are
hard of hearing may avoid many social interactions and communication situations, such
14

as bigger gatherings, as speech understanding may be very difficult, frustrating and
effortful. The inability to participate in social interactions is typically very frustrating and
can even increase the risk for social isolation and depression for the hearing impaired
(Pichora-Fuller, Johnson, and Roodenburg 2009; Mick, Kawachi, and Lin 2013; Dawes
et al. 2015). Deeper understanding of listening effort during speech recognition is
essential on an overall level as the development of better hearing aids can help to
improve the rehabilitation from hearing impairment. On an individual level, a deeper
understanding of listening effort can help to provide better understanding and support
from communication partners, and optimized auditory training and hearing aid fitting.

Definition of listening effort
The interpretation of individual differences in speech comprehension and listening effort
requires to understand what listening effort actually is. Listening effort has been defined as
“the deliberate allocation of mental resources to overcome obstacles to goal pursuit when
carrying out a listening task” (Pichora-Fuller et al. 2016). The Framework for Understanding
Effortful Listening (FUEL) is an adaptation of Kahneman’s (1973) Capacity Model of Attention
in relation to listening effort, extended by a motivation dimension. It incorporates the wellknown relationship between cognitive demand and the supply of cognitive capacity and
complementary theories of motivation intensity, otimal performance, adapted gain control,
fatigue and pleasure. In the FUEL, input-related demands contribute to adverse listening
conditions, namely factors affecting the quality of the source signal (e.g. accented speech),
the signal transmission (e.g. noise, reverberation, hearing or communication technology),
listener abilities (e.g. sensory and cognitive abilites) message (e.g. familiar vocabulary) and
context (e.g. visual scene) factors (Pichora-Fuller et al. 2016). Those “input-related demands“
modulate the amount of resulting “arousal” to the stimulation, which is determined by the
amount of “available capacity”. There are individual differences in the maximum capacity.
The “allocation policy” governs how much of the available capacity will be supplied to which
activities. There is a limited capacity of mental resources and these resources can be allocated
for different tasks. The allocation policy“ is controlled by four factors, including “automatic
attention” or in other words involuntary attention (e.g., allocate capacity to any novel signal;
to any object in sudden motion; to any conversation in which one’s name is mentioned), to
“intentional intentions” (e.g., listen to the voice on the right ear- phone; look for a redheaded girl with a dog) to the “evaluation of demands” and the “effects of arousal”. The level of
arousal is controlled by the demands imposed by the activities in which the organism engages, or prepares to engage and by “input-related demands”, including the intensity of stimulation. Outcome measures, such as cognitive-behavioral, brain, autonomic nervous system,
and self-report measures, could be used to index “attention-related responses”. These responses are candidates for measuring listening effort insofar as they support inferences
regarding the allocation of capacity or the expending of effort. There are also “automatic
arousal responses”, which reflect manifestations of arousal including automatic responses
such as pupillary dilation, increased skin conductance, and changes in heart responses. Factors such as fatigue and (dis)pleasure can influence the evaluation of performance without
being the results of performance. Similarly, (dis)pleasure can predispose effort insofar as
15
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pleasure in anticipation of and during performing a task can be motivating (Matthen 2016).
Importantly, the effects of arousal or motivation level on performance could offer an account
for quitting even when the available capacity supply has not been exceeded by the demand
for capacity. The FUEL combines core concepts from Kahneman’s (1973) Capacity Model of
Attention in relation to listening effort and fatigue and the effect of task demands and motivation dimensions could independently or interactively modulate listening effort. Future
research and the findings from this dissertation may help to better understand how all these
components, seperately and in conjunction, affect listening effort by looking at changes in
pupil dilation measures. According to the FUEL (Pichora-Fuller et al. 2016), the concept of
listening effort is complex as it depends on the demands of the listening situation, the individual’s hearing ability, but also on the individuals motivation to keep listening and not to
give up. This may for example imply that listeners may decide to spend less effort at various
listening conditions. At very low SNRs, where the speech signal is relatively low compared
to the background noise, listening may become so difficult that high performance cannot
be maintained. The listener may decide to disengage from the task and spend less listening
effort, as the application of intense effort brings no further rewards (Richter 2016; Eckert,
Teubner-Rhodes, and Vaden Jr 2016). On the other hand, listening may become very easy
at high SNRs and to expend much effort is not required for successful speech recognition.
The most common methods to assess listening effort include subjective, behavioral and
physiological measures. Subjective measures, such as questionnaires or self-reports, focus
on the individuals perceived effort immediately after a listening task or communication
situation, or retrospectively over days. Dual-task paradigms (DTP) are the most commonly
applied method for behavioral assessment of listening effort (McGarrigle et al. 2014).
Participants typically perform a primary task involving speech recognition performance
simultaneously to a secondary task. Commonly applied secondary tasks may involve probe
reaction time tasks (Desjardins and Doherty 2013; Desjardins and Doherty 2014; Downs
1982) memory tasks (Feuerstein 1992; Hornsby 2013) or tactile pattern recognition tasks
(Gosselin and Gagné 2011). The concept of DTPs is based on the theory of limited cognitive
capacity which has to be divided between different tasks (Kahneman 1973b). In other words,
lower performance in the secondary task is expected, when the effort or cognitive load to
perform the primary task increases (Downs 1982). The third category of measuring listening
effort includes physiological methods. Those types of measures aim to capture task evoked
changes in the activity of the central and autonomic nervous system (McGarrigle et al.
2014). This can for example be done by functional magnetic response imaging (fMRI), where
changes in the blood oxygenation level reflect changes in neural activity. Recent research
suggested for example that increased brain activity in certain brain regions can reflect the
effect of attention during effortful listening (Wild et al. 2012). When electroencephalography
(EEG) is applied to measure listening effort, electrodes on the scalp of the listener can be
used to measure changes in mental processing as response to acoustic stimuli (Bernarding
et al. 2012; Obleser et al. 2012). The state of the autonomic nervous system is reflected
by parasympathetic and sympathetic activity of the nervous system. In research, different
measures, such as skin conductance, heart rate variability or pupillometry have been applied
to study both parasympathetic and sympathetic nervous
16
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Figure1:Illustration of internal and external factors that can impact the individuals’ speech recognition
performance and the corresponding pupil dilation, as a measure of listening effort.

activity. Measuring changes in the pupil diameter (‘pupillometry’) has previously been used
to estimate changes in attention and perception (Laeng, Sirois, and Gredebäck 2012). The
pupil diameter reflects changes of the task evoked cognitive load a person is dealing with.
A task that includes high cognitive load causes the pupil to dilate until the task demands
exceed the individuals available processing resources (Granholm et al. 1996).
Over the past two decades, research in cognitive hearing science and listening effort has
developed and grown with fast pace (Arlinger et al. 2009). Awareness has increased that
the interaction between auditory and cognitive processing during speech understanding
is generally important (Handel and Listening 1991; McAdams and Bigand 1993; Neuhoff
2004), and particularly critical during speech recognition in noise (Committee on Hearing
1988; Humes 1996). Based on the fundamental Capacity Model of Attention on listening
and speech understanding by Kahneman (Kahneman 1973a), the FUEL framework (PichoraFuller et al. 2016) was proposed. The FUEL framework is based on the relationship
between cognitive demand and the availability of cognitive resources and incorporates
complementary theories of motivation intensity, optimal performance, fatigue, pleasure
and adaptive gain control (Pichora-Fuller et al. 2016). The definition and understanding of
the concept of listening effort has matured and became more differentiated even over the
course of this doctoral study. However, research on listening effort is still in a developmental
and experimental stage. Future research is expected to expedite the translation of currently
existing and new scientific knowledge about effortful listening.

Using pupillometry to measure listening effort
Choosing an appropriate method to estimate listening effort from such a variety of methods
17

depends on the research questions and the focus of the study. The research carried out
within this dissertation aimed to investigate the impact of internal and external factors on
speech recognition and the corresponding pupil dilation, as an indication of listening effort.
Figure 1 shows on the right hand side the internal factors of interest, including the listeners’
hearing ability, working memory capacity, the ability to inhibit interfering information and
lexical closure skills. In the top left corner of Figure 1, external factors that may affect speech
recognition and the corresponding pupil dilation are the signal-to-noise ratio of the stimuli,
the masker type and hearing aid processing.
I decided to measure changes in the pupil dilation as recent research repeatedly demonstrated
that pupillometry can successfully be used to tackle a variety of factors that affect listening
effort during speech recognition. Those factors include hearing impairment (Zekveld et al.
2011; Kramer et al. 1997), sentence intelligibility (Zekveld et al. 2011), different masker
types (Koelewijn, Zekveld, Festen, and Kramer 2012), lexical manipulation (Kuchinsky et al.
2013) and cognitive functions (Zekveld et al. 2011). Measuring changes in the pupil dilation
with respect to different listening and speech recognition conditions was the most suitable
method for the research questions and the focus of this dissertation.
How can external and internal factors impact speech recognition and the pupil dilation?
The impact of hearing impairment and intelligibility on listening effort was repeatedly
examined by a number of pupillometry studies (Zekveld et al. 2011; Zekveld et al. 2010;
Kramer et al. 1997). The allocation of listening effort for normal-hearing and hearingimpaired listeners during speech recognition in fluctuating background noise was tested
at three SNRs (Kramer et al. 1997). Normal-hearing listeners showed lager pupil dilations
for low speech intelligibility compared to high speech intelligibility conditions. Interestingly,
hearing-impaired listeners were less sensitive to changes of the SNR condition. For
the hearing-impaired listeners, less decline in the pupil dilations resulted for the high
intelligibility condition, compared to normal-hearing listeners. Normal-hearing listeners
seems to perceive more listening effort when speech intelligibility was low. Hearingimpaired listeners on the other hand, seems to be less sensitive to changes of the SNR level
and additional easier listening conditions did not seem to be less effortful. The impact of
speech intelligibility on speech recognition performance and listening effort was confirmed
by a number of pupillometry studies when normal-hearing listeners were included (Zekveld
et al. 2011; Zekveld et al. 2010; Zekveld and Kramer 2014). However, speech intelligibility is
not only affected by the SNR, but also by the characteristics of masking background signals.
Changes in the pupil dilation that reflect the impact of different masker types on listening
effort have been measured for normal-hearing and hearing-impaired listeners (Koelewijn et
al. 2014; Koelewijn et al. 2012). In a recent study, the influence of different masker types,
intelligibility levels and the listeners hearing ability were combined (Koelewijn et al. 2014).
For hearing-impaired and normal-hearing listeners speech understanding in the presence of
a single-talker masker was more difficult than when a fluctuating noise masker was present.
The effect of masker type was additionally reflected by the pupil response, with larger
average pupil dilations measured for the single-talker masker condition. The researchers
concluded that normal-hearing listeners may experience less hindrance from interfering
speech relative to fluctuating background noise. In summary, it has been repeatedly shown
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that changes in the pupil dilation can reliably reflect changes of external factors, such as SNR
conditions or different masker types.
It has been suggested, that internal factors (see Figure 1), such as differences in the individuals
working memory capacity may provide explanations for individual differences in speech
recognition performance and the allocation of listening effort during speech understanding
(Lunner and Sundewall-Thorén 2007; Gatehouse et al. 2003; Pichora-Fuller and Singh 2006;
Ohlenforst et al. 2016). Recent research suggested that the listeners cognitive capacity is
crucial during speech recognition, given that multiple cognitive processes are engaged,
especially during the processing of degraded speech (Lunner et al. 2009; Rönnberg et al.
2010). Cognitive demands during listening typically increase with increasing task difficulty
and the listeners have to expend more effort for successful performance. The amount of
expended effort may increase until the acoustic challenges of a listening condition become
too difficult and listeners disengage from performing the task (Kahneman and Beatty 1966;
Granholm et al. 1996; Peavler 1974). Recent research suggested that listeners with lower
cognitive capacity may reach their maximum amount of expendable cognitive resources
earlier than listeners with high cognitive capacity (Peelle 2017). Lacking available cognitive
resources during challenging listening conditions is assumed to cause two different
consequences compared to listeners with high cognitive capacity. Either more listening
effort needs to be expended to keep up high performance, or task accuracy will decrease
and performance will drop (Peelle 2017; Richter 2016). The examination of differences
in listeners cognitive capacity may therefore help to explain possible differences in the
allocation of effort across a variety of listening conditions.
Recently measures of listening effort as an alternative method to evaluate hearing aid
benefits next to measures of masked speech recognition performance were applied (Ng et
al. 2013; Ng et al. 2015; Rudner et al. 2012). Hearing aids are designed to improve speech
intelligibility in quiet and especially in noisy environments where speech understanding is
difficult. Digital noise reduction in hearing aids aims to improve the SNR by attenuating
interfering background noises. Improved speech intelligibility may be accompanied by a
release of cognitive resources and consequently lead to reduced listening effort (Lunner
et al. 2009). Interestingly, contradictory results were obtained when the relationship
between speech recognition performance, listening effort and hearing aid processing was
examined during speech understanding (Neher 2014; Neher et al. 2013; Picou et al. 2013;
Sarampalis et al. 2009; Foo et al. 2007; Hornsby 2013; Gatehouse and Gordon 1990). It
was for example shown that aggressive noise reduction processing can decrease speech
recognition performance and increase listening effort compared to moderate noise reduction
processing (Neher et al. 2013). Preference ratings revealed that all listeners preferred some
noise reduction processing over inactive noise reduction. It is noteworthy that hearing aid
users may perceive hearing aid processing as beneficial and prefer certain algorithms or
settings, even though those were not accompanied by significant improvement of speech
intelligibility (Picou et al. 2013; Ng et al. 2013; Ng et al. 2015; Brons et al. 2013). The benefit
that noise reduction in commercial hearing aids can provide for the hearing-impaired
listener was demonstrated by a recent pupillometry study (Wendt et al. 2017). Improved
speech recognition performance, accompanied with reduced listening effort, as indicated
by smaller pupil dilations, resulted when hearing-impaired listeners were equipped with
commercial hearing aids during speech understanding in background noise (Wendt et al.
19
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2017). Current evidence on individual preferences or reduced listening effort due to hearing
aid processing highlights the importance of including measures that capture the allocation
of effort when hearing aid processing is provided. Recent research demonstrated that
insight on listening effort can reliably be obtained by means of pupillometry.
Even though pupillometry has successfully been applied to identify a variety of external and
internal factors that can impact listening effort, it is still unknown how the task evoked pupil
dilation during speech recognition in background noise differs between hearing-impaired
and normal-hearing listeners across a broad range of SNRs. The relationship between a
listeners hearing ability and the task evoked pupil dilation during speech recognition as
well as the relationship between cognitive skills, speech recognition and listening effort
can with the currently available knowledge only partly be explained. Current evidence is
only available for a small range of speech intelligibility conditions or not yet confirmed for
hearing-impaired listeners. This motivates the investigation of the cause of possible interindividual differences between listeners.
I hypothesized that hearing impairment may cause more listening effort as processing
a degraded acoustic signal may cause a higher demand of cognitive resources. It has
repeatedly been suggested that larger working memory capacity, better abilities to inhibit
interrupting speech information and better textual closure abilities are related to improved
speech recognition performance (Akeroyd 2008; Rönnberg et al. 2010; Zekveld et al. 2011;
Koelewijn et al. 2014; Koelewijn et al. 2012; Neher et al. 2009; Neher et al. 2012; Glyde et
al. 2013). Therefore I also hypothesized that listeners with better cognitive skills or better
linguistic abilities would show better speech recognition performance but larger taskevoked pupil responses (Koelewijn et al. 2014; Koelewijn et al. 2012; Zekveld et al. 2011).
Assistive devices, such as hearing aids are designed to compensate for the loss of hearing by
improving the audibility of sounds. Improved speech intelligibility in quiet or noisy listening
situations may be accompanied by reduced listening effort. The relationship between
hearing aid processing and measures of listening effort remains unclear, as contradictory
outcomes are reported (Neher 2014; Pals et al. 2013; Hornsby 2013; Picou et al. 2013; Dwyer,
Firszt, and Reeder 2014; Noble and Gatehouse 2006). I was therefore eager to investigate
whether commercial hearing aid processing can efficiently help to reduce listening effort
for the hearing-impaired listener. Next to improved speech recognition performance, I
hypothesized that the hearing aid processing may reduce listening effort for the hearing
impaired listener.

Outline of this dissertation and research aims
The goal of this dissertation is to collect evidence about the effects of hearing impairment
and hearing aid technologies on speech perception performance and listening effort. It was
of particular interest to investigate whether normal-hearing and hearing-impaired listeners
expend listening effort differently. I was interested to find out if the listeners hearing ability
has a general impact on effortful listening across a variety of listening situations. Perhaps there
is no difference in effort when the listening condition allows high intelligibility performance.
20

On the other hand, challenging listening conditions could cause a more effortful listening
condition for those listeners with impaired hearing. And if hearing-impaired listeners do
spend more listening effort, is it possible to reduce effort by providing hearing aids?
Three experimental studies were carried out with the aim to answer those questions. The
results of this dissertation make an innovative contribution to the listening effort research
field by identifying acoustical and individual components that modulate listening effort. In
the following, a general outline of the chapters in this doctoral dissertation is provided.
Chapter 2 describes a systematic review of available evidence on the effects of hearing
impairment and hearing aid amplification on listening effort. The tested statistical evidence
indicated that listening effort was higher for hearing-impaired listeners compared with
normal-hearing listeners. It was not possible to identify robust evidence suggesting that
hearing aids would help to reduce the expended listening effort. Overall the quality of
the examined evidence and the findings of this systematic review did not support firm
conclusions. The experimental studies carried out within this dissertation aim to provide
more sophisticated evidence for a better understanding of the impact of hearing impairment
and hearing aid technologies on listening effort.
Chapter 3 describes an experimental study investigating differences in listening effort, as
indicated by the peak pupil dilation (PPD), across a broad range of SNR. I compared hearingimpaired listeners with age matched normal-hearing listeners during speech recognition in a
stationary and a single-talker masker background. The results of this study showed that the
PPD changed depending on the difficulty of the listening condition and the listeners hearing
status. Hearing-impaired listeners had larger PPDs across a range of listening conditions,
while normal-hearing listeners had a pronounced maximum PPD across a narrow range of
listening conditions. These results demonstrate that the allocation of listening effort during
speech recognition across a variety of conditions may be different between normal-hearing
and hearing-impaired listeners.
Chapter 4 describes an experimental study investigating whether cognition can explain
differences in the PPD and sentence recognition performance during speech recognition
in background noise for hearing-impaired and normal-hearing listeners. Based on the first
experimental study (see chapter 3) I learned that the allocation of effort during speech
understanding may be different for hearing-impaired and normal-hearing listeners. Previous
results showed an interactive effect between the listeners hearing status and the SNR on
the PPD and sentence recognition performance. The Reading Span Test (RST) (Daneman
and Carpenter 1980), the Text Reception Threshold (TRT) and the Size Comparison Span test
(SICspan) were additionally carried out during the experiment to investigate whether the
differences in the allocation of effort can be explained by different outcome measures for
cognitive performance.
Chapter 5 addresses the questions whether a noise reduction scheme in a commercial
hearing aid can reduce listening effort for hearing-impaired listeners during speech
recognition. Speech recognition performance and the PPD were measured for a group of
experienced hearing aid users wearing commercial hearing aids. A large range of SNRs for
21
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a stationary noise masker and a 4-talker masker was again tested. The tested hearing aids
included noise reduction processing, and testing was carried out with the noise reduction
processing both active and inactive. For both masker types, a beneficial effect of noise
reduction on sentence recognition performance and the PPD was observed. Noise reduction
resulted in a shift of the performance function and a corresponding shift of the PPD function
towards more challenging SNRs. For the multi-talker background masker an additional effect
of noise reduction on the PPD may indicate reduced listening effort independent of the
difficulty of the listening condition.
Finally, chapter 6, summarizes the results and provides a general discussion of the main
findings of this dissertation.
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Chapter 2

Effects of hearing impairment and hearing aid amplification
on listening effort: a systematic review.

Ohlenforst, B.,
Zekveld, A. A.,
Jansma, E. P.,
Wang, Y.,
Naylor, G.,
Lorens, A.,
Lunner, T.,
Kramer, S. E.
Ear and Hearing (2017), 38(3), 267-281.

Abstract
Objectives: To undertake a systematic review of available evidence on the effect of hearing
impairment and hearing-aid amplification on listening effort. Two research questions were
addressed: Q1) does hearing impairment affect listening effort? and Q2) can hearing aid
amplification affect listening effort during speech comprehension?
Design: English language articles were identified through systematic searches in PubMed,
EMBASE, Cinahl, the Cochrane Library, and PsycINFO from inception to August 2014.
References of eligible studies were checked. The Population, Intervention, Control, Outcomes
and Study design (PICOS) strategy was used to create inclusion criteria for relevance. It was
not feasible to apply a meta-analysis of the results from comparable studies. For the articles
identified as relevant, a quality rating, based on the 2011 Grading of Recommendations
Assessment, Development and Evaluation (GRADE) Working Group guidelines, was carried
out to judge the reliability and confidence of the estimated effects.
Results: The primary search produced 7017 unique hits using the key-words: hearing aids
OR hearing impairment AND listening effort OR perceptual effort OR ease of listening. Of
these, 41 articles fulfilled the PICOS selection criteria of: experimental work on hearing
impairment OR hearing aid technologies AND listening effort OR fatigue during speech
perception. The methods applied in those articles were categorized into subjective,
behavioral and physiological assessment of listening effort. For each study, the statistical
analysis addressing research question Q1 and/or Q2 was extracted. In 7 articles more
than one measure of listening effort was provided. Evidence relating to Q1 was provided
by 21 articles that reported 41 relevant findings. Evidence relating to Q2 was provided by
27 articles that reported 56 relevant findings. The quality of evidence on both research
questions (Q1 and Q2) was very low, according to the GRADE Working Group guidelines.
We tested the statistical evidence across studies with non-parametric tests. The testing
revealed only one consistent effect across studies, namely that listening effort was higher
for hearing-impaired listeners compared to normal-hearing listeners (Q1) as measured by
EEG measures. For all other studies the evidence across studies failed to reveal consistent
effects on listening effort.
Conclusion: In summary, we could only identify scientific evidence from physiological
measurement methods, suggesting that hearing impairment increases listening effort
during speech perception (Q1). There was no systematic finding across studies indicating
that hearing-aid amplification decreases listening effort (Q2). In general, there were large
differences in the study population, the control groups and conditions, and the outcome
measures applied between the studies included in this review. The results of this review
indicate that published listening effort studies lack consistency, lack standardization across
studies, and have insufficient statistical power. The findings underline the need for a common
conceptual framework for listening effort to address the current shortcomings.
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2.1 Introduction
Hearing impairment is one of the most common disabilities in the human population and
presents a great risk in everyday life due to problems with speech recognition, communication,
and language acquisition. Due to hearing impairment, the internal representation of the
acoustic stimuli is degraded (Humes & Roberts, 1990). This causes difficulties that are
experienced commonly by hearing-impaired listeners, as speech recognition requires
that the acoustic signal is correctly decoded (McCoy et al. 2005). Additionally, in daily life,
speech is often heard amongst a variety of sounds and noisy backgrounds that can make
communication even more challenging (Hällgren et al. 2005). Previous research suggests
that hearing-impaired listeners suffer more from such adverse conditions in terms of speech
perception performance as compared to normal-hearing listeners (Hagerman, 1984; Plomp,
1986; Hopkins et al. 2005). It has been suggested that keeping up with the processing of
ongoing auditory streams increases the cognitive load imposed by the listening task (ShinnChunningham & Best, 2008). As a result, hearing-impaired listeners expend extra effort to
achieve successful speech perception (Rönnberg et al. 2013; McCoy et al. 2005). Increased
listening effort due to impaired hearing can cause adverse psychosocial consequences,
such as increased levels of mental distress and fatigue (Stephens & Hétu, 1991; Kramer
Sophia et al. 1997; Kramer et al. 2006), lack of energy and stress-related sick leave from
work (Edwards, 2007; Gatehouse & Gordon, 1990; Kramer et al. 2006; Hornsby, 2013a,
2013b). Nachtegaal and colleagues (2009) found a positive association between hearing
thresholds and the need for recovery after a working day. Additionally, hearing impairment
can dramatically alter peoples’ social interactions and quality of life due to withdrawal from
leisure and social roles (Weinstein, 1982; Demorest & Erdman, 1986; Strawbridge et al.
2000), and one reason for this may be the increased effort required for successful listening.
There is growing interest amongst researchers and clinicians in the concept of listening
effort and its relationship with hearing impairment (Gosselin & Gagné, 2010; McGarrigle
et al. 2014). The most common approaches to assess listening effort include subjective,
behavioral and physiological methods (for details see Table 1). The concept of subjective
measures is to estimate the amount of perceived effort, handicap reduction, acceptance,
benefit and satisfaction with hearing aids (Humes & Humes, 2004). Subjective methods
such as self-ratings or questionnaires provide immediate or retrospective judgment of how
effortful speech perception and processing was perceived by the individual during a listening
task. The ratings are typically made on a scale ranging between “no effort” and “maximum
effort”. Questionnaires are often related to daily life experiences and typically offer a closed
set of possible response opportunities (e.g. Speech, Spatial and Qualities of Hearing scale
(SSQ), (Noble & Gatehouse, 2006). The most commonly used behavioral measure is the dualtask paradigm (Howard et al. 2010; Gosselin & Gagné, 2011; Desjardins & Doherty, 2013),
where participants perform a primary and a secondary task simultaneously. The primary
task typically involves word or sentence recognition. Secondary tasks may involve probe
reaction time tasks (Downs, 1982; Desjardins & Doherty, 2014; Desjardins & Doherty, 2013),
memory tasks (Feuerstein, 1992; Hornsby, 2013a), tactile pattern recognition tasks (Gosselin
& Gagné, 2011) or even driving a vehicle in a simulator (Wu et al. 2014). The concept of dualtask paradigms is based on the theory of limited cognitive capacity (Kahneman, 1973). An
increase in effort or cognitive load, related to performing the primary task, leads accordingly
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to a lower performance in the secondary task, which is typically interpreted as increased
listening effort (Downs, 1982). The concept of physiological measures of listening effort is
to illustrate changes in the central and/or autonomic nervous system activity during task
performance (McGarrigle et al. 2014). The electroencephalographic (EEG) response to
acoustic stimuli, which is measured by electrodes on the scalp, provides temporally-precise
markers of mental processing (Obleser et al. 2012; Bernarding et al. 2012). Functional
magnetic resonance imaging (fMRI) is another physiological method to assess listening
effort. Metabolic consequences of neuronal activity are reflected by changes in the blood
oxygenation level. For example, increased brain activity in the left inferior frontal gyrus has
been interpreted as reflecting compensatory effort required during a challenging listening
task, such as the effect of attention during effortful listening (Wild et al. 2012). The measure
of changes in the pupil diameter (in short ‘pupillometry’) has furthermore been used to
assess the intensity of mental activity, for example in relation to changes in attention and
perception (Laeng et al. 2012). The pupil dilates when a task evokes increased cognitive
load, until the task demands exceed the processing resources (Granholm et al. 1996).
Pupillometry has previously been used to assess how hearing impairment (Kramer et al.
1997; Zekveld et al. 2011), sentence intelligibility (Zekveld et al. 2010), lexical manipulation
(Kuchinsky et al. 2013), different masker types (Koelewijn et al. 2012) and cognitive function
(Zekveld et al. 2011) affect listening effort. Like the pupil response, skin conductance and
heart rate variability also reflect parasympathetic and sympathetic activity of the autonomic
nervous system. For example, an increase in mean skin conductance and heart rate has
been observed when task demands during speech recognition tests increase (Mackersie &
Cones, 2011). Finally, cortisol levels, extracted from saliva samples, have been associated
with cognitive demands and fatigue as a response to stressors (Hicks & Tharpe, 2002).
Hearing aids are typically used to correct for the loss of audibility introduced by hearing
impairment (Hicks & Tharpe, 2002). Modern hearing aids provide a range of signal processing
algorithms such as amplitude compression, directional microphones, and noise reduction
(Dillon, 2001). The purpose of such hearing aid algorithms is to improve speech intelligibility
and listening comfort (Neher et al. 2013). If hearing impairment indeed increases listening
effort, as suggested by previous research (Feuerstein, 1992; Hicks & Tharpe, 2002; Luts et
al. 2010), then it is essential to investigate whether hearing aids can reverse this aspect of
hearing loss too.
Given that the number of methods to assess listening effort is still increasing and the
evidence emerging is not coherent, an exhaustive review of the existing evidence is needed
to facilitate our understanding of state-of-the-art knowledge related to 1) the influence
of hearing impairment on listening effort and 2) the effect of hearing aid amplification on
listening effort. The findings should guide researchers in defining research priorities and
designing future studies, and help clinicians in improving their practice related to hearing aid
assessment and fitting. Therefore, this systematic review addressed the following research
questions:
Q1) does hearing impairment affect listening effort? and Q2) can hearing aid amplification
affect listening effort during speech comprehension? We hypothesized that hearing
impairment increases listening effort (HP1). On the other hand, the application of hearing
aid amplification is hypothesized to reduce listening effort relative to the unaided condition
(HP2).
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2.2 Materials and Methods
Search strategy
We systematically searched the bibliographic databases PubMed, EMBASE, CINAHL,
PsycINFO and the Cochrane Library. Search variables included controlled terms from MeSH
in PubMed, EMtee in EMBASE, CINAHL Headings in CINAHL, and free text terms. Search
terms expressing ‘hearing impairment’ or ‘hearing aid’ were used in combination with
search terms comprising ‘listening effort’ or ‘fatigue’ (see Appendix A for detailed search
terms). English language articles were identified from inception to August 2014.

Inclusion and exclusion
The PICOS strategy (Armstrong, 1999) was used to form criteria for inclusion and exclusion
as precisely as possible. The formulation of a well-defined research question with wellarticulated PICOS elements has been shown to provide an efficient tool to find high-quality
evidence and to make evidence-based decisions (Richardson et al. 1995; Ebell, 1999). To be
included in the review, studies had to meet the following PICOS criteria:
Population: Hearing-impaired participants and/or normal-hearing listeners with a simulated
hearing loss (for example by applying a low-pass filter to the auditory stimuli).
Intervention: Hearing impairment or hearing aid amplification (including cochlear
implant), such as the application of real hearing aids, laboratory simulations of hearing-aid
amplification, comparisons between aided versus unaided conditions or different types of
hearing aid processing technologies. Finally, we considered results of simulations of signal
processing in cochlear implants (CIs), tested by applied vocoded stimuli. When a study
was restricted to investigating the participant’s cognitive status and/or when performance
comparisons between groups of participants with different cognitive functioning and speech
perception abilities were applied, but participants were only normal-hearing and/or no
hearing aid amplification was applied, the study was not included. Furthermore, measures
of cognition, such as memory tests for speech performance on stimulus recall, were not
considered an intervention.
Control: Group comparisons (e.g. normal-hearing vs. hearing-impaired) or a withinsubjects repeated measures design (subjects are their own controls). We included studies
that compared listeners with normal-hearing versus impaired hearing, monaural versus
binaural testing or simulations of hearing impairment, or with different degrees of hearing
impairment, and studies that applied noise maskers to simulate hearing impairment.
Outcomes: Listening effort, as assessed by (i) subjective measures of daily life experiences,
handicap reduction, benefit or satisfaction, (ii) behavioral measures of changes in auditory
tasks performance, or (iii) physiological measures corresponding to higher cognitive
processing load, such as N2 and/or P3 EEG responses, pupillometry, fMRI or cortisol
measures. Subjective assessments that were not directly related to listening effort or fatigue
(e. g. quality-of-life ratings, preference ratings) were not categorized as measure of listening
effort. Furthermore, physiological measures of early-stage auditory processing, such as ERP
components N1, mismatch negativity (MMN), and P2a were not considered as reflecting
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measures of listening effort.
Study design: Experimental studies with repeated measures design or randomized control
trials, published in peer-reviewed journals of English language were included. Studies
describing case reports, systematic reviews, editorial letters, legal cases, interviews,
discussion papers, clinical protocols or presentations were not included.
The identified articles were screened for relevance by examining titles and abstracts.
Differences between the authors in their judgment of relevance were resolved through
discussion. The reference lists of the relevant articles were also checked to identify potential
additional relevant articles. The articles were categorized as ‘relevant’ when they were
clearly eligible, ‘maybe’ when it was not possible to assess the relevance of the paper based
on the title and abstract, and ‘not relevant’ when further assessment was not necessary.
An independent assessment of the relevance of all the articles categorized as ‘relevant’ or
‘maybe’ was carried out on the full texts by three authors (BO, AZ and SK).

Figure1: The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow
diagram of the study identification, the screening, the eligibility, and the inclusion process within the
systematic search.
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Table1: Summary of the 41 included articles

Extended data for 41 articles arranged by subjective, behavioral or physiological measurement types in
alphabethical order. Articles describing studies using multiple types of measurements appear in multiple rows.
NH: normal-hearing; HI: hearing-impaired; HP: hypothesis; VAS: visual-analogue scale; ViRT: visual response/
reaction time; RT: reaction time; SRT: speech recognition test; LE: listening effort; Exp.: experiment; DTP: dualtask paradigm; SSQ: Speech, Spatial and Qualities of hearing scale SSQ (Gatehouse & Noble, 2004).
Publication

Method used

Author hypothesis (HP)
1) LE: HI > NH;
+: HP supported, -: HP
not supported, =: no
effect

Subjective measures
Ahlstrom et al. (2014)
Bentler & Duve (2000)
Bentler et al., (2008)
Brons et al., (2013)
Brons et al., (2014)
Desjardins & Doherty (2013), *see
# 25)
Desjardins & Doherty (2014), *see
# 26)
Dwyer et al. (2014)
Feuerstein (1992), *see # 28)
Hällgren et al. (2005)
Harlander et al. (2012)
Hicks & Tharpe (2002), *see # 31)
# 46), only exp. 2
Hornsby (2013), *see # 32)

Humes et al. (1997)
Humes et al. (1999)
Luts et al. (2010)
Mackersie et al. (2009)
Neher et al. (2014), *#36
Noble & Gatehouse (2006
Palmer et al., (2006)

Pals et al., (2013), *see #37
Rudner et al., (2012); only exp. 2

VAS (0-15)
VAS (1-10)
VAS (1-10)
VAS (9-1)
VAS (1-9)
VAS (100-0)

1+)

+: HP supported; -: HP
not supported; =: no
effect
2+)
2=)
2+)
2x 2=)
2-)

2

1+); 1=)

VAS (100-0)
SSQ (1-10)
VAS (100-0)
VAS (0-10)
VAS (1-13)
VAS (1-5)

Author hypothesis (HP)
2) LE: aided < unaided;

2=)
1+) LE: HI (b, c ,d) > NH
1+)

3 x 2=); 1x 2+) LE
2+)
2-); 2x 2+)

1=) NH = HI

SSQ (0-10) questions # 14,
# 18, # 19
VAS (100-0)
1+)
VAS (0-100)
VAS (0-6)
1+) LE: HI > NH
VAS (9-1)
VAS(1-9)

2=)

SSQ (1-10)
VAS (completely agree disagree)
VAS (0-100)
VAS (no effect maximum possible
effort)

2+)
2=)

2=)
2+)
2x 2+); 1x 2-)
2+); 2=)
3x2+; 1x2=)

2+)
2=)

Table continues on next page
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Publication

Method used

Zekveld et al. (2011), *see # 51)

VAS (no effort maximum possible
effort )
VAS (0-10)

Desjardins & Doherty (2013),
*see # 6)
Desjardins & Doherty (2014),
*see # 7)
Downs (1982)
Feuerstein (1992), *see # 9)
Gatehouse & Gordon (1990)

DTP

Author hypothesis (HP)
1) LE: HI > NH;
+: HP supported, -: HP
not supported, =: no
effect
1=)

Author hypothesis (HP)
2) LE: aided < unaided;
+: HP supported; -: HP
not supported; =: no
effect

Behavioral measures

1x 1+); 2x 1=)

DTP

2x 2+); 1x 2=)

DTP
DTP
1=); 1+)
RT for response to all
stimulus
Gustafson et al. (2014)
Verbal RTs for non-word
repetition
Hicks & Tharpe (2002), *see #12) DTP
1=); 1+)
#46), only exp. 2
Hornsby (2013), *see # 13)
DTP
Kulkarni et al. (2012)
Exp. 1 and 2: RT for
stimulus
Martin & Stapells (2005); *see
RTs during
3x 1+)
# 49)
discrimination of deviant
stimuli
Neher et al. (2013)
DTP
Neher et al. (2014); *see # 18)
DTP
1=
Pals et al. (2013); *see # 22)
Picou et al. (2013)
Picou et al. (2014)
Rakerd et al. (1996)
Sarampalis et al. (2009); only
exp. 2

DTP
Exp. 1 and 2: DTP
DTP

Stelmachowicz et al. (2007)
Tun et al., 2009
Wu et al. (2014)

DTP
1=)
DTP
1+); 1=)
Exp. 1: DTP (sentence
Exp. 3: 1+)
recall, driving vehicle in
simulator); Exp. 2 and
3: DTP: (sentence recall,
ViRT)

2+)
2+)
2+)

2+); 2=)
Exp.1: 2+); Exp.2: 2+)

2-)

2-); 2+)
2+)
2+)
2=)

Exp.1 and 2: 2x 1+)
2=); 2+)

Exp. 1: 2=); Exp 2: 2=);
Exp. 3: 2x 2+)

Table continues on next page
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Publication

Method used

Author hypothesis (HP)
1) LE: HI > NH;
+: HP supported, -: HP
not supported, =: no
effect

Physiological measures
Kramer et al., 1997

Hicks & Tharpe (2002) *see #
12) # 31), only exp. 1
Oates et al., 2002
Korczak et al. (2005)
Martin & Stapells (2005); *see
# 34)
Wild et al. (2012)
Zekveld et al. (2011), *see #24)

Pupil during listening:
peak amplitude, mean
dilation,
Saliva samples for
cortisol concentration
EEG: N2 and P3
EEG: N2 and P3 and RTs
to stimuli
EEG: RT for deviant
stimuli; N1, P3
fMRI while decision
making
Pupil during listening:
peak, mean amplitude
and latency

Author hypothesis (HP)
2) LE: aided < unaided;
+: HP supported; -: HP
not supported; =: no
effect

1+)

1+)
3x 1+); 1x 1=); 1x 1-)
1+)

2+)

2

5x 1+)
1+)
1=)

Data extraction and management
For each relevant study, the outcome measures applied to assess listening effort were
extracted and categorized into subjective, objective or physiological indicators of listening
effort. We identified and extracted the findings addressing Q1 and/or Q2 from all relevant
studies. The results of each study were evaluated with respect to the two hypotheses (HP1
and/or HP2) based on Q1 and Q2. When HP1 was supported (i.e. hearing impairment was
associated with increased listening effort during speech understanding relative to normal
hearing), statistical results were reported in the category ‘more effort’ (+). Results that did
not show significant effects of hearing impairment on listening effort were categorized
as ‘equal effort’ (=). If hearing impairment was associated with a reduction in listening
effort, the results were reported as ‘less effort’ (-). HP2 stated decreased listening effort
due to hearing aid amplification. Results supporting, refuting and equivocal with respect
to HP2 were respectively reported as ‘less effort’ (+), ‘more effort’ (-) and ‘equal effort’ (=).
Any given study could provide more than one finding relating to Q1 and/or Q2. General
information related to PICOS was additionally extracted, such as on population (number
and mean age of participants), intervention (type of hearing loss and configurations and
processing), outcomes (methods to measure listening effort and test stimulus), and control
and study design (test parameters).
An outright meta-analysis across studies with comparable outcomes was not feasible,
because the studies were too heterogeneous with respect to characteristics of the
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participants, controls, outcome measures used, and study designs. However, we made
across-studies comparisons based on the categorized signs (+, =, -) of evidence from each
study, to get some insight into the consistency of the reported outcomes. Study findings
and study quality were incorporated within a descriptive synthesis and by numerical
comparisons across studies, to aid interpretation of findings and to summarize the findings.

Quality of evidence
The evaluation of the level of evidence, provided by all included studies, was adapted from
the GRADE Working Group guidelines (Guyatt et al. 2011). The quality of evidence is rated for
each measurement type (see Table 4, 6) corresponding to the research questions, as a body
of evidence across studies, rather than for each study as a single unit. The quality of evidence
is rated by explicit criteria including “study limitations”, “inconsistency”, “indirectness”,
“imprecision” and the “risk of publication bias”. How well the quality criteria were fulfilled
across all studies on each measurement type was judged by rating how restricted those
criteria were (“undetected”, “not serious”, “serious” or “very serious”). The quality criteria
“inconsistency”, “indirectness”, “imprecision” and “publication bias” were judged by the
same approach, as follows. If all the studies fulfilled the given criterion, restrictions on that
criterion were judged as “undetected”, whereas “not serious” restrictions applied, when
more than half of the studies from a measurement type fulfilled the criterion, a “serious”
rating was given if less than half of the studies from a measurement type fulfilled the criterion,
and “very serious” if none of the studies fulfill the criterion. The quality criterion “study
limitations” was based on five sub-criteria (lack of allocation concealment, lack of blinding,
incomplete accounting of patients and outcome events, selective outcome reporting, and
early stop of trials for benefit) and rated as “undetected” if all the studies fulfilled the given
criterion, “not serious” if more than half of the sub-criteria were fulfilled across studies,
“serious” if less than half of the sub-criteria were fulfilled, and “very serious” if none of the
sub-criteria was fulfilled. For example, with studies using Visual Analog Scales (VAS), the
criterion “study limitations” was rated as “not seriously” restricted as none of the studies
on VAS showed lack of allocation concealment, some studies lacked blinding and some had
incomplete accountancy of patients but no selective outcome reporting and no early stop
for benefit were identified across studies. The quality criterion called “inconsistency” was
evaluated based on the experimental setup across studies, including the choice of stimulus,
stimulus presentation and the measurement type for listening effort within each outcome.
When findings across studies were not based on consistent target populations, consistent
interventions and/or consistent factors of interest with respect to Q1 and/or Q2, “serious
inconsistency” was judged for evidence on that measurement type. The quality criterion
“indirectness” was related to differences between tested populations and/or differences in
comparators to the intervention. The criterion “indirectness” was seriously affected when
findings across studies were based on comparing young normal-hearing listeners with
elderly hearing-impaired listeners and/or when normal-hearing listeners were compared
to listeners with simulated, conductive hearing impairment or sensorineural hearingimpairment. The quality criterion “imprecision” was evaluated based on statistical power
sufficiency or provided power calculations across studies for each measurement type.
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We did not detect selective publication of studies in terms of study design (experimental
versus observational), study size (small versus large studies) or lag bias (early publication
of positive results), and thus “publication bias” was judged as “undetected”. The overall
quality of evidence is a combined rating of the quality of evidence across all quality criteria
on each measurement type. The quality is down rated, if the five quality criteria (limitations,
inconsistency, indirectness, imprecision and publication bias) are not fulfilled by the
evidence provided by the studies on a measurement type (Table 4, 6). When large effects
were shown for a measurement type, dose response relations (e.g. between different levels
of hearing impairment or hearing-aid usage and listening effort) and plausible confounders
are taken into account, an uprating in quality of evidence is possible (Table 2). There are
four possible levels of quality ratings, including high, moderate, low and very low quality.
We created a separate evidence profile for each research questions (Table 4 on Q1, Table
6 on Q2) to sum up the key information on each measurement type. For each of our two
research questions, evidence was provided by studies with diverse methods, which made it
problematic to compute confidence intervals on absolute and relative effects of all findings
on each individual measurement type. Therefore a binomial test (Sign test) was applied as
alternative statistical method. We counted the signs (+, =, - in Table 1) corresponding to each
measurement type for findings addressing HP1 and/or HP2 (more, equal or less effort).
Table2: Factors determining the quality of evidence according to the GRADE handbook, chapter
5 (Schünemann et al. 2013). GRADE, Grading of Recommendations Assessment, Development and
Evaluation.

Factors that can reduce the quality of the evidence

Consequence

Limitations in study design or execution (risk of bias)

lower 1 or 2 levels

Inconsistency of results
Indirectness of evidence
Imprecision
Publication bias

lower 1 or 2 levels
lower 1 or 2 levels
lower 1 or 2 levels
lower 1 or 2 levels

Factors that can increase the quality of the evidence

Consequence

Large magnitude of effect
All plausible confounding would reduce the

increase 1 or 2 levels
increase 1 level

demonstrated effect or increase the effect if no effect
was observed
Dose-response gradient

increase 1 level
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Our hypotheses were that listening effort is greater for hearing-impaired listeners than for
those of normal hearing (HP1) and that aided listening helps to reduce effort compared
to unaided listening (HP2), i.e. one-sided in both cases. Therefore we applied a one-sided
(directional) Sign test. The standard binomial test was used to calculate significance, as
the test statistics were expected to follow a binomial distribution (Baguley, 2012). Overall,
evidence across all measurement types on Q1 was judged as important to health and life
quality of hearing-impaired listeners, as hearing impairment affects people in their daily
lives. However, no life threatening impact, myocardial infarction, fractures or physical pain
are expected from hearing impairment and the importance was not characterized as critical
(see Table 3, 5 “Importance”) (Schünemann et al. 2013).
Two authors (BO and TL), were mainly involved in the design of the evidence profiles and
the scoring of quality of evidence. Uncertainties or disagreement were discussed and solved
according to the GRADE handbook (Guyatt et al. 2011).

2.3 Results
Results of the search
The PRISMA (Moher et al. 2009) flow-chart in Figure 1 illustrates details of the search and
selection procedure including the number of removed duplicates, the number of articles
that were excluded and the reasons for their exclusion. The main electronic database
search produced a total of 12210 references: 4430 in PubMed, 3521 in EMBASE.com, 2390
in Cinahl, 1639 in PsycINFO and 230 in the Cochrane Library. After removing duplicates,
7017 references remained. After screening the abstracts and titles of those 7017 articles,
further 6910 articles were excluded. The most common reasons for exclusion were that
measures of listening effort- as outlined above - were not applied (n=4234 articles), hearing
aid amplification was not provided (n=564) or studies focused on the development of
cochlear implants (CI) (n=746) or the treatment of diseases (n=359) and neither of the two
research questions was addressed. We checked the full text for the remaining 107 articles
for eligibility and excluded 68 articles. Finally, 39 articles fulfilled the search and selection
criteria and were included in the review process. The inspection of the reference lists of
these relevant articles resulted in two additional articles that met the inclusion criteria. Thus
in total, 41 articles were included in this systematic review.

Results of the selection process and criteria
Before examining the evidence arising from the 41 included studies, it is useful to consider
the general characteristics of the sample, arranged according to the five elements of the
PICOS strategy described earlier.
Population
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In seven studies, only people with normal hearing thresholds <= 20 dB HL participated
(mean n=22.4, SD = 12.8). In 18 studies, only people with hearing impairment (mean n=52.4,
SD=72.1) were tested, without including normal-hearing controls. The remaining 16 studies
assessed both normal-hearing and hearing-impaired participants (mean n=51.2, SD=27.3).
Hearing-impaired participants had monaural and/or binaural hearing loss and the degree of
hearing impairment varied. Some studies examined experienced hearing-aid users, whereas
participants of other studies included non-users of hearing aids. In two studies CI users
participated and monaural versus binaural implantation (Dwyer et al. 2014) or CI versus
hearing-aid fitting (Noble et al. 2008) was compared. Other studies compared hearing
abilities between different age-groups (Desjardins & Doherty, 2013; Hedley-Williams et al.
1997; Tun et al. 2009). Overall, there was great variety in the tested populations in terms of
hearing status and hearing aid experience.
Intervention
The intervention or exposure of interest was either hearing impairment (Q1) or hearing-aid
amplification (Q2). In a number of studies, a certain type of hearing aid was chosen and
binaurally fitted in hearing-impaired participants (Bentler et al. 2008; Ahlstrom et al. 2014;
Desjardins & Doherty, 2014). Other studies compared different hearing-aid types, such as
analogue versus digital hearing-aids (Bentler & Duve, 2000) or hearing-aids versus CIs (Noble
et al. 2008; Dwyer et al. 2014) which were tested in a variety of environments. Seven studies
simulated hearing aid algorithms or processing, for example by using implementations of a
‘master hearing aid’ (Luts et al. 2010).
Comparators
The most commonly applied approach to assess the effect of hearing impairment on listening
effort was to compare subjective perception or behavioral performance between normalhearing and hearing-impaired listeners (Q1) (Feuerstein, 1992; Rakerd et al. 1996; Humes
et al. 1997; Kramer et al. 1997; Oates et al. 2002; Korczak et al. 2005; Martin & Stapells,
2005; Humes et al. 1997). When the effect of hearing-aid amplification was investigated,
aided versus unaided conditions (Q2) (Downs, 1982; Gatehouse & Gordon, 1990; Humes et
al. 1997; Humes, 1999; Hällgren et al. 2005; Korczak et al. 2005; Picou et al. 2013; Hornsby,
2013; Ahlstrom et al. 2014) or different types of processing (Humes et al. 1997; Bentler &
Duve, 2000; Noble & Gatehouse, 2006; Noble et al. 2008; Harlander et al. 2012; Dwyer et
al. 2014), different settings of the test parameters (Kulkarni et al. 2012; Bentler et al. 2008;
Sarampalis et al. 2009; Luts et al. 2010; Kulkarni et al. 2012; Brons et al. 2013; Desjardins &
Doherty, 2013; Pals et al. 2013; Desjardins & Doherty, 2014; Gustafson et al. 2014; Neher et
al. 2014; Picou et al. 2014; Wu et al. 2014; Sarampalis et al. 2009), were compared.
Outcomes
There was no common outcome measure of listening effort that was applied in all of the
studies. We identified 42 findings from subjective measures, 39 findings from behavioral
measures and 16 findings from physiological measures (summed up across Table 3 and
5). Of the 42 findings based on subjective assessment or rating of listening effort, 31
findings resulted from visual-analogue scales (VAS, see Table 1). Such effort rating scales
ranged for example from 0 to 10, indicating conditions of “no effort” to “very high effort”
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(e. g. Zekveld et al. 2011; Hällgren et al. 2005). The remaining eleven findings based on
subjective assessment of listening effort resulted from the SSQ (Noble & Gatehouse, 2006;
Noble et al. 2008; Hornsby et al. 2013; Dwyer et al. 2014). Most findings from behavioral
measures (n=32 of 39 in total) corresponded to Dual Task Paradigm (DTP) and seven findings
resulted from reaction time measures. The sixteen findings from physiological assessment
of listening effort, included 12 findings from EEG measures (Oates et al. 2002; Korczak et
al. 2005; Martin & Stapells, 2005), two findings from task-evoked pupil dilation measures
(Kramer et al. 1997; Zekveld et al. 2011), one finding from measures of diurnal saliva cortisol
concentrations (Hicks & Tharpe, 2002) and one finding from fMRI was used (Wild et al.
2012).
Study design
In this systematic review, studies that used a repeated measures design and/or a randomized
controlled design were included. A between-group design (normally-hearing vs hearingimpaired) was applied in 17 studies (Luts et al. 2010; Rakerd et al. 1996; Kramer et al. 1997;
Humes et al. 1997; Humes, 1999; Hicks & Tharpe, 2002; Oates et al. 2002b; Korczak et al.
2005; Stelmachowicz et al. 2007; Noble et al. 2008; Tun et al. 2009; Luts et al. 2010; Zekveld
et al. 2011; Kulkarni et al. 2012; Neher et al. 2013; Neher et al. 2014; Ahlstrom et al. 2014;
Dwyer et al. 2014).

Results of the data extraction and management
We categorized the methods of assessing listening effort from all relevant articles, into
subjective, behavioral and physiological measurement methods. In Table 1, first all studies
that applied subjective methods are listed in alphabetical order, followed by the studies
using behavioral and finally physiological measurement methods of listening effort. In
six studies, more than one method was used to measure listening effort. Those studies
contributed multiple rows in Table 1. Evidence on HP1 was provided by 41 findings from 21
studies. The evidence on HP2 was based on 56 findings from 27 studies.
See Tables 1 and 3 as well as Supplemental Digital Content Table 1, http://links.lww.com/
EANDH/A335 respectively for detailed and summarized tabulations of the results described
in this section.

Evidence on the effect of hearing impairment on listening effort
(Q1)
Subjective measures, Q1
Six findings (out of n=9 in total) indicated that self-rated listening effort, for different
fixed intelligibility conditions, was higher for hearing-impaired listeners than for normalhearing listeners. The applied methods included VAS ratings (n=5 findings) and the SSQ
(n=1 finding). However, different comparisons across studies were made. Some compared
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normal-hearing and hearing-impaired groups (n=4 findings). One finding concerned the
difference in self-rated effort between monaural or binaural simulation of impaired hearing.
Three findings, based on the comparison between normal-hearing and hearing-impaired
listeners concluded that hearing impairment does not affect listening effort. Those three
findings resulted from VAS ratings. None of the tests with subjective measures indicated less
listening effort due to a hearing loss.
Behavioral measures, Q1
Ten findings (out of n=17 in total) indicated higher levels of listening effort for groups with
hearing impairment compared to groups with normal hearing. Findings from DTPs were
mainly (n=6 out of 7) based on comparing performance between hearing-impaired and
normal-hearing listeners, while all findings from reaction time measures (n=3) were based
on simulations of hearing impairment on normal-hearing listeners. The remaining 7 findings
(all related to DTP) did not demonstrate significant differences between normal-hearing and
hearing-impaired listeners. So, roughly half of the tests showed higher effort (10 findings, +)
in the hearing-impaired group, and slightly less than half showed no difference (7 findings,
=). No clear evidence showed reduced listening effort due to hearing impairment.
Physiological measures, Q1
Most findings (n=13 of 15 in total) indicated higher levels of listening effort due to hearing
impairment. The applied methods varied between measures of EEG (n=9 findings), pupil
dilation (n=2 findings), diurnal Cortisol levels (n=1 finding), and fMRI (n=1 finding). Nine
findings resulted from comparing normal-hearing and hearing-impaired listeners and six
findings from simulations of hearing impairment. The two remaining findings both resulted
from EEG measures; one indicated no effect of hearing impairment, and the other indicated
less effort in the presence of hearing impairment.
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Table3: Summary of extracted evidence from studies providing findings on the effect of hearing

impairment on listening effort (Q1) (n=21 studies, 41 findings). Summary of evidence proposing more,
equal or less effort (from top to bottom) due to hearing impairment with respect to the effect types,
the applied methods and the corresponding number of participants. NH: normal-hearing; HI: hearingimpaired; vs: versus;

Q1

Type of effects

Methods

Number of
Participants

Less
Effort

1 tests in total:
1 NH vs. HI

Physiological:
1 findings

NH: 20

Equal
Effort

11 tests in total:
10 NH vs. HI
1 monaural vs. binaural

Subjective: 3 findings
Behavioral: 7 findings
Physiological: 1 findings

NH: 278

More
Effort

29 tests in total:
14 NH vs. HI
4 different degrees of hearing loss
11 hearing loss simulations

Subjective: 6 findings
Behavioral: 10 findings
Physiological: 13 findings

NH: 450
HI: 481

HI: 20

HI: 164

Quality of evidence on Q1
The GRADE evidence profile on all findings on the effect of hearing impairment on listening
effort (Q1) is shown in Table 4. We created a separate row for each measurement type:
subjective assessment by VAS, behavioral assessment by DTP or reaction-time measures, and
physiological assessment by pupillometry or EEG. All measurement types corresponded to
studies of randomized controlled trials (RCT). For each measurement type, all findings across
studies were evaluated with respect to the quality criteria (“limitations”, “inconsistency”,
“indirectness”, “imprecision” and “publication bias”). Each row in Table 4, representing a
separate measurement type, was based on at least two findings (across studies) to justify
being listed in the evidence profile. In summary, five measurement types were identified
for Q1 (1 subjective, 2 behavioral and 2 physiological methods). Most quality criteria
(“inconsistency”, “indirectness”, “imprecision”) across the five measurement types showed
“serious” restrictions for the evidence rating. The quality criterion “study limitation” showed
“not serious” restrictions across all five measurement types, as only lack of blinding and lack
of information on missing data or excluded participants (incomplete accounting of patients
and outcome events) were identified for some studies. But there was no lack of allocation
concealment, no selective outcome reporting and no early stop for benefit across studies.
Overall, “serious inconsistency”, “serious indirectness” or “serious imprecision” caused
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down-rating in quality and consequently low or very low quality of evidence resulted for
three out of five outcomes on Q1. The quality criteria “publication bias” was “undetected”
for all five measurement types, as we did not detect selective publication of studies in terms
of study design, study size or lag bias.
Quality of evidence for subjective measures, Q1
Subjective assessment of listening effort, assessed by VAS ratings, provided the first row
within the evidence profile in Table 4, based on seven randomized controlled trials (RCT).
We found the quality criterion “study limitations” (Table 4) “not seriously” affected, as
across studies only a lack of blinding and lack of descriptions of missing data or exclusion
of participants were identified. No lack of allocation concealment, no selective outcome
reporting and no early stop for benefit was found across those seven studies. We rated the
criterion “inconsistency” as “serious” due to a great variety of experimental setups across
studies, including different stimuli (type of target and masker stimulus) and presentation
methods (headphones versus sound field). We identified furthermore “serious indirectness”
for VAS ratings, as the population across the seven studies varied in age and hearing ability
(young normal-hearing versus elderly hearing-impaired, children versus adults). Only two
studies provided sufficient power or information on power calculations, which resulted in
“serious imprecision”. Publication bias was not detected across the seven studies. We rated
the quality of evidence on VAS ratings as very low based on “serious inconsistency”, “serious
indirectness” and “serious imprecision”. We counted the “+”, “=” and “-” for all findings on
VAS ratings for Q1 in Table 1 and we applied a binomial test (Sign test), which resulted in
a p-value of p=0.25. This indicated that HP1 could not be rejected, and therefore we did
not find evidence across studies that listener’s effort assessed by VAS-scales show higher
listening effort ratings for hearing impaired listeners compared to normal-hearing listeners.
Quality of evidence for behavioral measures, Q1
We identified two types of behavioral assessment of listening effort. The first measurement
type corresponded to listening effort assessed by DTPs and was based on eight randomized
control studies (see Table 4). The quality assessment for findings from DTPs indicated “not
serious limitations” (lack of blinding and incomplete accounting of patients and outcome
events), “serious inconsistency” (different stimulus and test setups between studies),
“serious indirectness” (participant groups not consistent across studies) and “serious
imprecision” (missing information on power analysis and sufficiency of study participants)
across the eight studies, resulting in a low quality of evidence. The evidence across studies,
showed that listening effort, as assessed by DTP, did not indicate higher listening effort for
hearing-impaired listeners compared to normal-hearing listeners (Sign-test: p=0.61). The
second behavioral measurement type was reaction time assessment. Only one randomized
controlled study used this measurement type. “Study limitations” (lack of blinding and
incomplete accounting of patients and outcome events), “inconsistency” and “indirectness”
“not serious”. However, we found serious “imprecision”, which caused a down-rating from
high to moderate quality of evidence. Only 10 normal-hearing but no hearing-impaired
listeners were included in the single study using reaction time measures. Thus it was not
possible to answer Q1 for reaction time.
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Quality of evidence for physiological measures, Q1
Two types of physiological measures were identified for studies addressing Q1 (see Table
4). The first was pupillometry. Two randomized controlled trials using pupillometry were
found. We rated “not serious limitations” as no lack of allocation concealment, no selective
outcome reporting and no early stop for benefit was found. Both studies lacked information
on blinding but only one showed incomplete accounting of patients and outcome events.
We identified “serious inconsistency” (different stimulus conditions and test setups across
both studies), “serious indirectness” (young normal-hearing compared with elderly hearingimpaired listeners), “serious imprecision” (missing power analysis and sufficiency for both
studies). Thus the quality assessment of studies using pupillometry was judged as very low
due to “serious inconsistency”, “serious indirectness” and “serious imprecision” across
studies. We counted two plus signs (+) from the two corresponding studies in Table 1 and
the applied Sign test did not show a difference in listening effort (as indexed by pupillometry)
between normal-hearing and hearing-impaired listeners (p = 0.25).
The second physiological measurement type was EEG. Three studies used EEG. We identified
“not serious limitations” across studies as experimental blinding and information on missing
data or excluded participants was not provided but no lack of allocation concealment, no
selective outcome reporting or early stop for benefit were found. However, “not serious
inconsistency” was found across studies. Similar stimuli were applied and only one study
differed slightly in the experimental setup from the other two studies. We rated “indirectness”
as “not serious”, as across studies, age-matched hearing-impaired and normal-hearing
listeners were compared and only one study did not include hearing-impaired listeners. We
found “serious imprecision”, as across studies neither information on power calculation nor
power sufficiency was given. The results from the Sign test on the outcome of EEG measures
indicated, that hearing-impaired listeners show higher listening effort than normal-hearing
listeners (p=0.03). The quality of evidence was moderate for the EEG data and very low for
pupillometry studies.

Evidence on the effect of hearing aid amplification on listening
effort (Q2)
See Tables 1 and 5 as well as Supplemental Digital Content Table 1, http://links.lww.com/
EANDH/A335 respectively for detailed and summarized tabulations of the results described
in this section.
Subjective measures, Q2
Reduced listening effort associated with hearing aid amplification was found 17 times.
The applied methods were VAS ratings (n=13 findings) and the SSQ (n=4 findings). Studies
compared different types of signal processing (n=8 findings), unprocessed versus processed
stimuli (n=4 findings), aided versus unaided listening (n=4 findings) and active versus inactive
signal processing algorithms (n=1 finding).
We identified thirteen findings indicating no effect of hearing-aid amplification on listening
effort based on comparing different signal-processing algorithms (n=7), aided versus
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unaided conditions (n=4) and signal processing algorithms in active versus inactive settings
(n=2). Those findings resulted mainly from VAS ratings (n=9 findings) or from the application
of the SSQ (n=4 findings).
Three findings from VAS ratings indicated increased listening effort with hearing aid
amplification when active versus inactive signal processing algorithms (n=2 findings) or
processed versus unprocessed stimuli (n=1 finding) were tested.
In sum, evidence from subjective assessment on Q2 was based on 33 findings in total. 17
findings indicated reduced listening effort, 13 findings equal effort and 3 findings increased
listening effort associated with hearing-aid amplification.
Behavioral measures, Q2
Fourteen findings indicated reduced listening effort with hearing aid amplification: aided
versus unaided listening (n=4 findings), active versus inactive signal processing algorithms
(n=5 findings) and unprocessed versus processed stimuli (n=5 findings). These findings
resulted from DTPs (n=10 findings) or reaction time measures (n=4 findings). Six findings,
which resulted from DTPs, indicated that hearing aid amplification does not affect listening
effort. Those findings resulted when unprocessed versus processed stimuli (n=3) or active
versus inactive signal processing algorithms (n=2 tests) or aided versus unaided conditions
(n=1 test) were compared.
Two findings from DTPs indicated that listening effort is actually increased with hearing aid
amplification, from comparing active versus inactive hearing aid settings, such as aggressive
DNR versus moderate DNR versus inactive DNR settings. So, 14 findings indicated a reduction
of listening effort when using amplification, 6 failed to find a difference and 2 tests indicated
an increase in listening effort in the group with amplification.
Physiological measures, Q2
Evidence from a single EEG finding that compared aided versus unaided listening, indicated
reduced listening effort for the aided condition. We did not identify further findings from
physiological measures of listening effort that provided evidence on Q2.
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Table4: Summary of extracted evidence from studies providing findings on the effect of hearing aid

amplification on listening effort (Q2) (n=27 studies, 56 findings). Summary of evidence proposing
more, equal or less effort (from top to bottom) due to hearing-aid amplification with respect to the
effect types, the applied methods and the corresponding number of participants. NH: normal-hearing;
HI: hearing-impaired; HA: hearing-aid; vs.: versus;

Q2

Type of effects

Methods

Number of
Participants

Less
Effort

1 tests in total:
1 NH vs. HI

Physiological:
1 findings

NH: 20

Equal
Effort

11 tests in total:
10 NH vs. HI
1 monaural vs. binaural

Subjective: 3 findings
Behavioral: 7 findings
Physiological: 1 findings

NH: 278

More
Effort

29 tests in total:
14 NH vs. HI
4 different degrees of hearing loss
11 hearing loss simulations

Subjective: 6 findings
Behavioral: 10 findings
Physiological: 13 findings

NH: 450
HI: 481

HI: 20

HI: 164

Quality of evidence on Q2
Four measurement types were identified on Q2, including VAS and the SSQ for subjective
assessment and DTP and reaction time measures from behavioral assessment (see Table 6).
We judged that evidence based on a single physiological finding provides too little information
to create a separate row in Table 6. The quality criteria (“limitations”, “inconsistency”,
“indirectness”, “imprecision” and “publication bias”) were checked for restrictions and rated
accordingly (“undetected”, “not serious”, “serious”, or “very serious”) across the studies on
each measurement type, as done for Q1. The quality of evidence for each measurement
type was then judged across all quality criteria.
Quality of evidence for subjective measures, Q2
We identified two measurement types, including sixteen studies using VAS ratings and four
studies that applied SSQ (Table 6). We judged the quality of evidence from VAS as very low,
based on “serious inconsistency”, “serious indirectness” and “serious imprecision”. We found
a lack of experimental blinding and incomplete accounting of patients and outcome events
(treatment of missing data or excluded participants) across studies but there was no lack of
allocation concealment, no selective outcome reporting and no early stop for benefit, which
caused “limitations” to be “not serious”. We rated “inconsistency” as “serious” as target
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and masker material, hearing aid setting and algorithms and the applied scales for VAS were
not consistent across studies. Furthermore, “indirectness” was at a “serious” level based
on a large variety regarding the participant groups (young normal-hearing versus elderly
hearing-impaired, experienced versus inexperienced hearing aid users, different degrees of
hearing impairment). Finally, only six (out of n=16 in total) of the studies provided sufficient
power, which caused “serious imprecision”. We counted the “+”, “=” and “-” signs in Table 1
for subjective findings for VAS on Q2 and applied the Sign test, which revealed a p-value of
p=0.50, meaning that evidence from VAS across studies did not show higher listening effort
ratings for hearing aid amplification compared to unaided listening.
The second measurement type on subjective assessment resulted from SSQ data. We
found randomized controlled trials (RCT, Table 6) in three studies. One study (Dwyer et al.
2014) was an observational study where different groups of participants rated their daily
life experience with either hearing impairment, cochlear implant or hearing aid fitting.
As everyday scenarios were rated, randomization was not applicable for this study. We
judged the study limitations for observational studies (development and application of
eligibility criteria such as inclusion of control population, flawed measurement of exposure
and outcome, failure to adequately control confounding) as they differ from randomized
controlled studies, according to GRADE (Guyatt et al. 2011). The quality criteria “limitations”
for the observational study using SSQ was rated as “not seriously” restricted as we could
not identify any limitations. Quality of evidence was very low, as the quality criteria across
studies, were similar to VAS, barely fulfilled (“serious inconsistency”, “serious indirectness”,
“serious imprecision”). Based on the Sign test (p=0.64), we did not find evidence across
studies from SSQ showing higher listening effort ratings for aided versus unaided listening
conditions.
Quality of evidence for behavioral measures, Q2
Two behavioral measurement types included evidence from the application of DTPs (n=10
studies) and reaction time measures (n=3 studies, Table 6). For DTPs, the quality criteria
across studies showed “not serious limitations” (no lack of allocation concealment, no
selective outcome reporting or early stop for benefit, but lack of experimental blinding and
lack of description of treatment of missing data), “serious inconsistency” (no consistent
stimulus, test setups and hearing aid settings), “serious indirectness” (young normal-hearing
versus elderly hearing-impaired; experienced versus inexperienced hearing aid users)
and “serious imprecision” (lack of power sufficiency), which resulted in very low quality
of evidence. Based on the Sign test (p=0.41), evidence across studies did not show that
listening effort assessed by DTPs was higher for aided versus unaided listening.
Evidence on Q2 from reaction time measures (n=3 studies) had very low quality, based
on very similar findings on the quality criteria across studies as described for the DTP
measures. The results from the Sign test (p=0.06) on findings from reaction time measures
across studies, did not indicate that aided listeners show lower listening effort than unaided
listeners.
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2.4 Discussion
The aim of this systematic literature review was to provide an overview of available
evidence on: Q1) does hearing impairment affect listening effort? and Q2) does hearing aid
amplification affect listening effort during speech comprehension?

Outcome measures on Q1
Evidence and quality of evidence from subjective measures
Across studies using subjective measures, we did not find systematic evidence that listening
effort assessed by subjective measures was higher for hearing-impaired compared to normalhearing listeners. A possible explanation for the weakness of evidence could be the great
diversity of subjective measurement methods. For example, we identified eleven different
rating scales for VAS, with varying ranges, step sizes labels and different wordings. Even
though a transformation of scales to the same range can provide more comparable findings,
it may still be questionable whether labels and meanings, such as “effort”, “difficulty” or
“ease of listening”, are actually comparable across studies. The great variety in VAS scales
may arise as subjective ratings were sometimes applied as an additional test to behavioral
(Feuerstein, 1992; Desjardins & Doherty, 2014; Bentler & Duve, 2000) or physiological
measures of listening effort (Hicks & Tharpe, 2002; Zekveld et al. 2011), in studies with
varying research questions and test modalities. The variety of subjective scales illustrates
how immature the methods for subjective assessment of listening effort still are. Comparing
subjective findings across studies requires greater agreement in terminology, standardized
methods and comparable scales.
Evidence and quality of evidence from behavioral measures
Evidence from DTPs and reaction time measures did not support our first hypothesis (HP1;
higher listening effort scores for hearing-impaired listeners compared to normal-hearing
listeners). The barely fulfilled GRADE quality criteria on DTP are caused by the great diversity
of test setups across DTPs. The primary tasks typically applied sentence or word recall, and
varied mainly in the type of speech material. However, the variety across secondary tasks
was much greater, including visual motor tracking, reaction time tasks, memory recall, digit
memorization, or driving in a car simulator. The diversity of tasks within DTPs is probably
related to the developmental stage of research on listening effort, aiming for the most
applicable and realistic method and better understanding of the concept of listening effort.
However, the applied tasks within the DTPs may actually tax different stages of cognitive
processing, such as acquisition, storage and retrieval from working memory or selective
and divided attention, which makes a direct comparison of the findings questionable. It
is furthermore problematic to compare the results directly as they originate from studies
with different motivations and research questions, such as the comparison of single- versus
DTPs (Stelmachowicz et al. 2007), the effect of age (Stelmachowicz et al. 2007; Tun et
al. 2009; Desjardins & Doherty, 2013), cognition (Neher et al. 2014) or different types of
stimuli (Feuerstein, 1992; Desjardins & Doherty, 2013). Evidence on reaction time measures
resulted from just one study and showed better quality according to the GRADE criteria
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compared to evidence from DTPs, mainly because findings within a single study (reaction
times) are less diverse than findings across eight studies (DTP).
Evidence and quality of evidence from physiological measures
EEG measures indicated that certain brain areas, representing cognitive processing, were
more active during the compensation for reduced afferent input to the auditory cortex (Oates
et al. 2002; Korczak et al. 2005). It seems reasonable, that evidence from EEG measures
supported HP1, as brain activity during auditory stimulus presentation was compared
between hearing-impaired and normal-hearing listeners or for simulations of hearing
impairment. Brain activity increased in response to a reduced level of fidelity of auditory
perception for listeners with impaired hearing compared to those with normal hearing. The
findings on the outcome of EEG were consistent and directly comparable across studies,
as the same deviant stimuli were presented at the same presentation levels. However,
quality of evidence rating by GRADE (Table 4) was still moderate, and research with less
“imprecision” is required to provide reliable findings and conclusions on the results.

Summary of evidence and quality of evidence on Q1
The quality of evidence across measurement methods was not consistent and we found
evidence of moderate quality (reaction time and EEG), low quality (DTP) or very low quality
(VAS, pupillometry). Overall, evidence from physiological assessment supported HP1, but
the moderate quality of this evidence may not allow high confidence in this finding. However,
this result raises the intriguing question of how it was possible to show a significant effect
of hearing-impairment on listening effort when evidence was based on findings from EEG
measures (physiological), but not for any subjective or behavioral measure. The time-locked
EEG activity (especially N2, P3), which corresponds to neural activity related to cognitive
processing, may more sensitively reflect changes in the auditory input (e. g. background
noise or reduced hearing abilities) than measures corresponding to behavioral consequences
(e. g. reaction time measures) or perceived experiences (e. g. subjective ratings) of listening
effort. However, effects of hearing impairment may still cover unknown factors that may
be difficult to capture as they depend on the degree of hearing impairment, the intensity
of the stimulus and the level of cortical auditory processing that the response measure is
assessing.

Outcome measures on Q2
Evidence and quality of evidence from subjective measures
We identified twice as many findings from subjective assessment for Q2 compared to Q1.
However, great diversity across scales, great variety of applied comparisons (e. g. aided
versus unaided, active versus inactive algorithms, processed versus unprocessed stimuli)
together with a variety of tested hearing aid algorithms prevented comparisons across
studies. Consequently quality criteria, such as “inconsistency” and “indirectness” were
poorly fulfilled. We believe that self-report measures should be more uniform to increase
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comparability. Furthermore, information on applied stimulus, environmental factors and
individual motivation should be taken into account to provide better understanding of the
findings.
Evidence and quality of evidence from behavioral measures
The systematic evidence on behavioral measures is small due to the diversity of behavioral
measurement methods across studies, as was also the case for Q1. It is very difficult to
compare task evoked findings on varying levels of cognitive processing for a great diversity
of tasks, factors of interest and compared settings and conditions. The quality of evidence
suffers as a consequence.
Evidence and quality of evidence from physiological measures
We observed a general lack of evidence on the effect of hearing-aid amplification on
listening effort assessed by physiological measures. The use of hearing aids or CIs may be
incompatible with some physiological measures such as fMRI.

Summary of evidence and quality of evidence on Q2
Even though there was no consistent evidence showing increased listening effort due to
hearing impairment (HP1), it was surprising to see that even the existing evidence for less
listening effort due to hearing aid amplification (HP2) was not significant. The diversity of tests
within each measurement type (subjective, behavioral and physiological) seems to restrict
the amount of comparable, systematic evidence and consequently the quality of evidence.
It is for example still unclear which factors influence subjective ratings of perceived listening
effort and what motivates listeners to stay engaged versus giving up on performance. This
kind of information would support more clear interpretations of outcomes of self-ratings of
listening effort.

Limitations of the body of the search
This review illustrates the great diversity in terms of methodology to assess listening effort
between different studies, which makes a direct comparison of the data problematic.
Furthermore, the comparability of those findings is questionable as the different
measurement methods may not tax the same cognitive resources. For example, the subjective
and behavioral measures may assess different aspects of listening effort (Larsby et al. 2005;
Fraser et al. 2010). In addition, a study by Zekveld and colleagues (2011) failed to show a
relation between a subjective and a physiological measure (the pupil dilation response).
We recommend that interpretation differences need to be resolved, by determining which
measurement types reflect which elements of cognitive processing and listening effort. As
an important part of this resolution, a unifying conceptual framework for listening effort and
its components is much needed.
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Limitations of our review
The definition of listening effort and the strict inclusion and exclusion criteria created for the
search could be one limitation of the outcome of this systematic review. Studies were only
included when the wording “listening effort” was explicitly used and results were provided
by an outcome measure reflecting the effects of hearing impairment or hearing-aid
amplification. Meanwhile, there are potentially relevant studies which were not included,
for example focusing on the effect of adverse listening conditions on alpha oscillations
(which are often interpreted as a measure for attention or memory load) (Obleser et al.
2012; Petersen et al. 2015), or studying the relationship between hearing impairment,
hearing aid use and sentence processing delay by recording eye fixations (Wendt et al.
2015). Such studies often apply different terminologies or keywords, which prevents them
passing our search filters. An alternative view of this situation might be that it reflects the
current lack of definition of what is and is not ‘Listening Effort’.
Only two additional articles were identified by checking the reference lists from the 39
articles deemed to be relevant from the initial search. This might indicate that the set of
search terms was well defined, or alternatively, that researchers in this field tend not to look
far afield for inspiration.
The search output was certainly limited by the fixed end date for the inclusion of articles.
Furthermore, only English language articles were considered, which may limit the search
output.
This review produced evaluations of evidence quality which were generally disappointing.
This should not be interpreted as an indication that the measurement methods used in the
many studies included are inherently inadequate, merely that they have been applied in ways
which are inconsistent and imprecise across studies. According to GRADE, low or very low
quality of evidence resulted mainly due to “inconsistency”, “indirectness” and “imprecision”
across studies. The applied experimental setups across studies were inconsistent as most
presented target and masker stimuli differed and participants were tested in different
listening environments. We identified “serious indirectness” across studies as findings
across studies resulted from testing different populations, including young normal-hearing
listeners, elderly hearing-impaired listeners, normal-hearing and hearing-impaired children,
simulated, conductive impairment, unilateral or bilateral hearing-aid usage, unilateral
and bilateral CI usage. This does not mean that applied measurement methods within
each individual study were flawed. However, “serious inconsistency and indirectness”
within GRADE does indicate that different test methods across studies may influence the
reliability of the results as the tasks and the tested populations, used to evoke those results,
differ. Non-randomized observational studies were not considered flawed as compared to
randomized control trial studies as GRADE accounts for the design of the assessed studies
and different sub-criteria are applied to evaluate the criterion called “study limitations” (see
Table 6). Within this review findings from only one non-randomized observational study
were included.
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Conclusions
Reliable conclusions, which are much needed to support progress within research on
listening effort, are currently elusive. The body of research so far is characterized by a
great diversity regarding the experimental setups applied, stimuli used and participants
included. This review revealed a generally low quality of evidence relating to the question
Q1; does hearing impairment affect listening effort? and Q2; can hearing-aid amplification
affect listening effort during speech comprehension? Amongst the subjective, behavioral
and physiological studies included in the review, only the results from the Sign test on the
outcome of EEG measures indicated, that hearing-impaired listeners show higher listening
effort than normal-hearing listeners. No other measurement method provided statistical
significant evidence indicating differences in listening effort between normal-hearing
and hearing-impaired listeners. The quality of evidence was moderate for the EEG data
as little variability across studies, including the test stimuli, the experimental setup and
the participants, was identified. Only physiological studies generated moderately reliable
evidence, indicating that hearing impairment increases listening effort, amongst the
subjective, behavioral and physiological studies included in this review. It seems fair to say
that research on listening effort is still at an early stage.

Future directions:
More research is needed to identify the components of listening effort, and how
different types of measures tap into them. Less diversity across studies is needed to allow
comparability and more reliable conclusions based on current findings. The community
needs to develop more uniform measures for distinct components of listening effort, as
well as clear definitions of different aspects of cognitive processing, in order to understand
current findings and to apply further research resources efficiently.
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51

52

Study
limitations

Inconsistency

Indirectness

Not 2,3
serious

Serious7,8

Not 2,3
serious

Serious7,8,11

Serious9,12

Serious9

Not 2,3
serious

Not serious

2 (RCT)

Not 2,3
serious

Serious13

Physiological assessment by pupillometry

1 (RCT)

Serious9

Not serious

Behavioral assessment by reaction time measures

8 (RCT)

Behavioral assessment by dual-task paradigms

7 (RCT)

Subjective assessment by visual-analogue scales (1-10)

No of
studies
(Design)

Quality Assessment

Serious10

Serious10

Not serious10

Serious10

Imprecision

GRADE evidence profile: Q1: Does hearing-impairment affect listening effort?

Table5: GRADE evidence profile for findings on Q1

undetected

undetected

undetected

undetected

Publication
bias

50

0

187

259

Hearingimpaired

80

10

147

220

Normalhearing

No of Participants

Summary of Findings

p1 = 0.25

p1 = 0.13

p1 = 0.61

p1 = 0.25

HP1: LE:
NH < HI

Effect
(Sign Test)

Important

Important

Important

Important

Importance

Table continues on next page

Very low

Moderate

Low

Very low

Quality

Study
limitations

Inconsistency

Not 2,3
serious

not serious14

not serious

Indirectness

Serious10

Imprecision

undetected

Publication
bias

50

Hearingimpaired

34

Normalhearing

No of Participants

Summary of Findings

Quality

Moderate

HP1: LE:
NH < HI

p1 = 0.03

Effect
(Sign Test)

Important

Importance

RCT: randomized controlled trial with corresponding limitations factors 1-5;
1)Lack of allocation concealment; 2) Lack of experimental blinding; 3) Incomplete accounting of patients and outcome events failure to adhere to an
intention to treat analysis (excluded participants, missing data); 4) Selective outcome reporting; 5) Stopping trial earlier for benefit; 7) Differences in target
stimulus: single sentences vs. sentence passages vs. words vs. consonants; 8) Differences in masker types: speech shaped noise vs. 1-talker babble vs.
6-talker babble cafeteria noise vs. stationary noise; 9) Differences between populations: young normal-hearing vs. elderly hearing-impaired participants;
10) Power sufficiency rarely provided; 11) Dual-task paradigm vs. single task paradigms; 12) Differences in comparators to the intervention: normalhearing vs. sensorineural hearing-impaired vs. simulated, conductive hearing-impairment; 13) Differences in test setup: speech reception threshold at
different levels; 14) Same stimulus and levels used for all three studies but in two studies presentation via sound field while in one via headphones;

Possible levels of quality criteria: not serious, serious, very serious and undetected;
Possible range of quality of evidence: high, moderate, low or very low;

3 (RCT)

Physiological assessment by EEG measures

No of
studies
(Design)

Quality Assessment

GRADE evidence profile: Q1: Does hearing-impairment affect listening effort?
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53

54

Not 2,3
serious

Serious7,8,14

Serious9

Serious10

undetected

Not 2,3
serious
Not serious6

Serious15

Serious12

Not 2,3
serious

Serious7,8,14

Serious9

3 (RCT)

Not 2,3
serious

Serious7,8

Serious9

Behavioral assessment by reaction time measures

10 (RCT)

Behavioral assessment by dual-task paradigms

3 (RCT)
1 (OS)

Serious10

Serious10

Serious10

undetected

undetected

undetected

Subjective assessment by the Speech, Spatial, and Qualities of Hearing Scale

16 (RCT)

Subjective assessment by visual-analogue scales (1-10)

Publication
bias

52

184

638

419

30

108

21

127

Normalhearing

Hearingimpaired

Inconsistency Indirectness Imprecision

No of
studies
(Design)

Study
limitations

No of Participants

Summary of Findings

Quality Assessment

GRADE evidence profile: Q2: Does hearing aid amplification reduce listening effort?

Table6: GRADE evidence profile for findings on Q2

Quality

Important

Important

Important

Important

Importance

Table continues on next page

p1 = 0.06 Very low

p1 = 0.41 Very low

p1 = 0.64 Very low

p1 = 0.50 Very low

HP1: LE:
NH < HI

Effect
(Sign
Test)

RCT: randomized controlled trial with corresponding limitations factors 1-5;
1)Lack of allocation concealment; 2) Lack of experimental blinding; 3) Incomplete accounting of patients and outcome events failure to adhere to
an intention to treat analysis (excluded participants, missing data); 4) Selective outcome reporting; 5) Stopping trial earlier for benefit; OS: nonrandomized observational studies have the following limitation factors: 6a) failure to develop and apply appropriate eligibility criteria (inclusion of
control population), 6b) flawed measurement of both exposure and outcome (differences in measured exposure),6c) failure to adequately control
confounding (adjust analysis) and 6d) incomplete or inadequately short follow-up (follow all groups for same amount of time); 7) Differences in target
stimulus: single sentences, sentence passages, words or consonants; 8) Differences in masker types: speech shaped noise, 1-talker babble, 6-talker
babble, cafeteria noise, church environment or stationary noise; 9) Differences between populations: young normal-hearing vs. elderly hearingimpaired participants or experienced hearing-aid users vs. hearing-impaired listeners without hearing-aid experience; 10) Power sufficiency rarely
provided; 11) Dual-task paradigm vs. single task paradigms; 12) Differences in comparators to the intervention: normal-hearing, sensorineural hearingimpaired or simulated, conductive hearing-impairment, unilateral vs. bilateral hearing-aid use, unilateral CI use vs. bilateral CI use or post-or pre-CI
fitting, ; 13) Differences in test setup: speech reception threshold at different levels; 14) Differences in treatment: noise reduction, compression or
linear amplification; 15) Differences of test environment: daily life vs. multi-talker babble or cafeteria noise; 16) Differences in test setup: verbal reaction
times, button press reaction times, stimulus in sound-field vs. headphones;

Possible levels of quality criteria: not serious, serious, very serious and undetected;
Possible range of quality of evidence: high, moderate, low or very low;
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Chapter 3

Impact of stimulus-related factors and hearing impairment
on listening effort as indicated by pupil dilation.

Ohlenforst, B.,
Zekveld, A. A.,
Lunner, T.,
Wendt, D.,
Naylor, G.,
Wang, Y.,
Versfeld, N. J.
Kramer, S. E.
Hearing Research (2017), 351, 68-79

Abstract
Previous research has reported effects of masker type and signal-to-noise ratio (SNR) on
listening effort, as indicated by the peak pupil dilation (PPD) relative to baseline during
speech recognition. At about 50% correct sentence recognition performance, increasing
SNRs generally results in declining PPDs, indicating reduced effort. However, the decline in
PPD over SNRs has been observed to be less pronounced for hearing-impaired (HI) compared
to normal-hearing (NH) listeners. The presence of a competing talker during speech
recognition generally resulted in larger PPDs as compared to the presence of a fluctuating
or stationary background noise. The aim of the present study was to examine the interplay
between hearing-status, a broad range of SNRs corresponding to sentence recognition
performance varying from 0 to 100% correct, and different masker types (stationary noise
and single-talker masker) on the PPD during speech perception. Twenty-five HI and 32 agematched NH participants listened to sentences across a broad range of SNRs, masked with
speech from a single talker (-25 dB to +15 dB SNR) or with stationary noise (–12 dB to +16
dB). Correct sentence recognition scores and pupil responses were recorded during stimulus
presentation. With a stationary masker, NH listeners show maximum PPD across a relatively
narrow range of low SNRs, while HI listeners show relatively large PPD across a wide range
of ecological SNRs. With the single-talker masker, maximum PPD was observed in the
mid-range of SNRs around 50% correct sentence recognition performance, while smaller
PPDs were observed at lower and higher SNRs. Mixed-model ANOVAs revealed significant
interactions between hearing-status and SNR on the PPD for both masker types. Our data
show a different pattern of PPDs across SNRs between groups, which indicates that listening
and the allocation of effort during listening in daily life environments may be different for
NH and HI listeners.
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3.1 Introduction
Hearing impairment has a variety of consequences, including reduced abilities to
communicate, problems interpreting speech sounds, difficulties recognizing environmental
sounds and even social isolation (Hirsh et al., 1952; Mathers et al., 2000). With impaired
hearing, speech recognition becomes more challenging, especially when background noise
is present (e.g. Arlinger, 2003; Dubno et al., 2015; Plomp, 1994; Plomp and Mimpen, 1979).
This may lead to increased perceptual load (degree of selective attention processes for
excluding distracting sensory information) and increased cognitive load (extent to which
the task evoked demands consume available resources for successful task execution)
compared to normal-hearing (NH) listeners (Pichora-Fuller et al., 2016). Even when hearingimpaired (HI) listeners’ speech recognition performance is similar to that of NH listeners,
the effort expended to accomplish the task is often greater for HI listeners (e.g. Fraser
et al., 2010; Gatehouse and Gordon, 1990; Hällgren et al., 2005; Ohlenforst et al., 2017;
Pichora-Fuller and Singh, 2006). Reduced fidelity of the auditory input signal results in
higher need to invest mental effort to comprehend and respond appropriately to sound
sources of interest. Listening effort has been defined as the deliberate allocation of mental
resources to overcome obstacles to goal pursuit when carrying out a listening task (PichoraFuller et al., 2016). According to the framework for understanding effortful listening (FUEL)
(Pichora-Fuller et al., 2016), listening effort depends not only on the individual’s hearing
ability, but also on the demands of the listening situation and the motivation of the
listener to keep listening and not give up. The relationship between listening demand and
success importance was recently demonstrated by measuring effort-related cardiovascular
reactivity, an index of sympathetic activity, during an auditory discrimination task (Richter,
2016). Higher reward or success importance resulted in higher cardiovascular activity
(higher sympathetic activity) (Richter, 2016). The interplay between listening demand and
motivation is furthermore suggested by neuroimaging studies that indicate that supporting
neural systems are adaptively applied during fruitful listening (Eckert et al., 2016). Listening
is fruitful when the value of listening outweighs the relative costs of using these neural
systems, for example when higher performance levels or rewards are obtained (Kouneiher
et al., 2009) or when losses are avoided (Paulus et al., 2003). These findings support FUEL
and indicate that the effort expended by a person during listening seems to be modulated
by task demand and personal motivation to remain engaged in the task (Pichora-Fuller et
al., 2016).
Commonly used intelligibility measures, such as word or sentence recognition, seem
partly insensitive to different amounts of listening effort (Pichora-Fuller et al., 2016). For
example, to maintain similar intelligibility levels during speech perception tasks, participants
expended more mental effort in the presence of a single-talker masker than when
stationary or fluctuating maskers were presented (Koelewijn et al., 2012). Recently, Wu and
colleagues (2016) applied a dual-task paradigm with a primary sentence recognition task
and two different secondary tasks (including either a simple visual reaction time task or
an incongruent Stroop task) and additionally acquired subjective ratings to assess listening
effort across a wide range of SNRs. They showed that as SNRs kept decreasing, speech
recognition performance decreased. Surprisingly, reaction times became shorter (indicating
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reduced effort) and subjective effort ratings were lower (indicating reduced effort) at the
lowest SNRs (Wu et al., 2016). Listening may become so difficult that listeners decide to
give up as the application of intense effort brings no further reward. At the highest SNRs,
listening was very easy so that listeners did not need to expend much effort. In addition to
the commonly applied speech perception tests, other measures that could provide more
information about possible listening problems and effortful listening are required, and such
measures need to be accessible at ecological SNR ranges (Lunner et al., 2016; Naylor, 2016).
Previous research has demonstrated that parameters derived from the task-evoked pupil
responses, in particular the Peak Pupil Dilation (PPD), seem to reliably reflect listening
effort, under various combinations of semantic or informational masking conditions and
hearing abilities during speech recognition (Koelewijn et al., 2014, 2012; Zekveld et al.,
2010; Zekveld and Kramer, 2014). One previous pupillometry study measured intelligibility
conditions corresponding to sentence recognition performances between 0% correct and
99% correct in NH listeners with speech stimuli that were masked with interfering speech
(Zekveld and Kramer, 2014). In line with Wu et al. (2016), the largest PPD resulted when
about 50% correct sentence recognition was reached, relative to SNRs corresponding to
lower and higher sentence recognition performance. The maximum PPD may differ for HI
listeners as indicated by previous findings for speech recognition in stationary background
noise. For example, the PPD during speech recognition in stationary background noise
showed less decline with increasing SNR in HI compared to NH listeners (Zekveld et al.,
2011). However, it is still unknown whether the pupil dilation for HI listeners differs from the
pupil dilation for NH listeners when a single-talker masker is present. Recent research that
investigated the SNRs hearing-aid users are exposed to (Smeds et al., 2015; Wu et al., 2016)
demonstrated that hearing impaired listeners are exposed to a large range of SNRs in daily
life sound environments. Positive SNRs ranging from +5 to +15 dB SNR cover the majority of
daily life sound environments and communication situations. In line with this, an ecological
momentary assessment of real-life situations showed that important communication
situations included those in which HI listeners’ speech intelligibility was typically rated as good
or excellent but effort was rated as being high (Haverkamp et al., 2015). In contrast to these
daily life conditions, speech recognition tests often include lower SNR ranges. As a result,
our knowledge regarding the effort required in these ecological SNRs is limited, especially
with respect to HI listeners. Therefore, in the present study, we aimed to examine how
PPD varies across masker type and a broad range of SNRs that corresponds to performance
scores across the entire psychometric function, in NH and HI listeners. We anticipated to
learn more about the PPD at low, medium and high SNRs for the HI listeners and whether
the PPD between NH and HI listeners would differ. We were furthermore seeking to answer
whether the effect of masker type on the PPD would depend on the SNR or whether effects
of masker type would show a consistent effect regardless of SNR. This study advances the
findings by Wu and colleagues (2016) by the assessment of two essentially different masker
types and the participation of age matched listener groups with different hearing abilities.
We included a large range of positive SNRs to investigate how the pupil response changes
when listeners are exposed to ecological listening situations. It is furthermore still not clear
whether secondary task performance within dual-task paradigms (DTP) actually constitute
an objective index of listening effort or ‘mental exertion’. The multi-tasking paradigm
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appears to have good validity to measure the ability to divide attention effectively in multitasking scenarios, but there is no independent way of measuring the resources dedicated to
each task (McGarrigle et al,. 2014). A well-controlled pupillometry experiment on the other
hand, can show relative task evoked changes in the pupil size which may reflect systematic
changes in ‘mental exertion’ that cannot be obtained during behavioral measures alone
(McGarrigle et al,. 2014).
We hypothesized low PPDs at very low and very high SNRs, either due to ‘giving up’ or due
to ‘very easy’ conditions (Kramer et al., 1997; Zekveld et al., 2011; Zekveld and Kramer,
2014). We expected maximum PPD for SNRs in the mid-range at approximately 50% speech
intelligibility (Zekveld and Kramer, 2014). We hypothesized that NH listeners would show
larger PPD for difficult SNR conditions compared to HI listeners (see e. g. Koelewijn et al.,
2014, 2012; Zekveld et al., 2011). This hypothesis was based on previous research showing
less decline in PPD with increasing SNR for HI compared to NH listeners, as NH listeners had
larger PPDs at more negative SNRs. HI listeners are more limited in their speech recognition
performance as audibility and signal integrity can never be optimally restored, which may
result in earlier performance surrender and consequently in a smaller pupil response (see
e. g. Koelewijn et al., 2014, 2012; Zekveld et al., 2011). We furthermore hypothesized that
the PPD changes would depend on masker type, with a larger PPD for sentence recognition
in the presence of a single-talker masker compared to a stationary masker (Koelewijn et al.,
2014, 2012). We expected that speech recognition in the presence of a single-talker masker
would introduce more cognitive load and be more effortful due to informational masking,
which would translate as a larger pupil response compared to speech recognition in the
stationary noise masker (Koelewijn et al., 2014, 2012; Zekveld et al., 2014).

3.2 Method
Participants
The participants were recruited in the audiology clinic of the VU University Medical Center
(VUMC) (HI group) and through flyers posted at the VUMC and around the VU University
Campus (NH group). Both groups were age-matched within a range of five years, between 18
and 62 years old (mean age 47 years, SD=12.1) and native Dutch speakers. The audiometric
inclusion criterion for the NH participants was a pure tone air conduction threshold average
(PTA) <= 20 dB HL at 0.5, 1, 2 and 4 kHz in both ears. HI participants had symmetrical, mild to
moderate sensorineural hearing thresholds with air-bone gaps less than 10 dB between 500
Hz and 4000 Hz in both ears, with PTAs for both ears between 35 dB and 60 dB HL. The puretone thresholds for those NH and HI participants included in the analysis, were averaged
over both ears are presented in Figure 1. All participants had to have normal or correctedto-normal vision, and no history of neurological diseases, dyslexia or diabetes mellitus. All
participants provided written informed consent and the study was approved by the Ethics
Committee of the VU University Medical Center in Amsterdam.
We calculated the effect size based on the mean PPDs provided by a recent pupillometry
study in which two groups of listeners participated in a 50% correct sentence recognition
test (Zekveld et al., 2011). A medium effect size of 0.3 was estimated using GPower, based
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on the mean PPD from 38 middle-aged NH (mean PPD = 0.16 mm) and 36 middle-aged HI
(mean PPD = 0.11 mm) listeners (Zekveld et al., 2011).
Power analysis revealed that a sample size of n=34 participants for each participant group
(NH and HI) would provide a power of 0.79 to detect group (NH vs HI) effects with an
expected effect size of 0.3 when applying an alpha-probability level of 0.05. We recruited
and invited 35 NH and 35 HI participants for this study. Data from four HI participants
were excluded due to unexpected changes in hearing thresholds with respect to an earlier
audiogram (n=1), unexpected cognitive problems (n=1) or other health problems (n=2). The
test session of one NH participant was not completed due to unfulfilled inclusion criteria
regarding hearing status. Hence, data from 31 HI and 34 NH participants were included.

Figure1: Averaged pure tone hearing thresholds across 500 Hz, 1 kHz, 2kHz and 4 kHz for the hearing-

impaired (HI) (dark-gray line) and the normal-hearing (NH) (light-gray line) participants. Error bars
show the standard deviations of the mean.

Auditory stimuli
The auditory stimuli consisted of everyday Dutch sentences (Versfeld et al., 2000), which
were presented binaurally via headphones. Sentences were similar to the HINT-sentences of
Nilsson et al. (1994) and an extension to the sentence materials of Plomp & Mimpen (1979).
Target sentences were spoken by a female talker. The number of syllables in each sentence
was equal to 8 or 9. Words did not contain more than three syllables, and punctuation
characters were absent. Sentences were mainly (92%) simple sentences, consisting of only
one independent clause. An example sentence is: “de winkel is op loopafstand” (translation:
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“the shop is within walking distance”). One percent of the sentences were compound (two
independent clauses with coordinating conjunction), while 7% were complex, containing
one independent and one dependent clause. Sentence duration ranged between 1.4 and 2
seconds. Speech recognition performance was measured in the presence of a stationary noise
or a single-talker masker background. The single-talker masker consisted of concatenated
sentences (Versfeld et al., 2000) spoken by a male voice. For each trial, the masker started
3 seconds before the presentation of the sentence, and ended 4 seconds after the sentence
offset. An answer prompt tone was presented after the offset of the post-sentence noise,
after which the participant repeated the sentence aloud. The answer prompt tone had a
frequency of 1000 Hz, the presentation level was 55 dB SPL and the duration 1 second. The
same presentation procedure was applied for both masker types. The experimenter scored
the number of correctly repeated sentences. A sentence was scored as correct if the entire
sentence was reproduced without mistakes. The long-term average frequency spectrum of
both masker types was made identical to the spectrum of the target speech signal, and the
masker was always presented at 65 dB SPL. The masker levels were kept constant to ensure
that the noise would not become too loud at low SNRs. Keeping the masker level constant
furthermore prevented listeners from learning to estimate task difficulty from changing
noise levels, presented prior to the sentence in noise.
We aimed for SNRs that would provide performance scores across the whole psychometric
function for each masker condition, including a large range of positive SNRs to cover
ecological SNRs during daily life conditions. Previous research (Festen & Plomp, 1990), that
measured psychometric functions for different masker types, including fluctuating noise,
stationary noise and a single talker masker, showed that the speech reception thresholds
(SRTs) for 50% correct sentence perception differed with up to 8 dB SNR between masker
types. Furthermore, a difference of about 10 dB in SNR was shown between NH and HI
listeners in the presence of a single-talker masker. In a previous study by Zekveld and Kramer
(2014), young NH listeners performed a non-adaptive sentence recognition task in a singletalker masker condition across a wide range of negative SNRs. At about -25 dB SNR, the
young NH listeners reached 0% correct sentence recognition performance. We assumed
that HI listeners would also not be able to recall the target sentences at such low SNR
conditions and we set the lowest SNR value to -25 dB for the single talker masker. Based
on previous findings (Festen & Plomp, 1990; Zekveld & Kramer, 2014, Smeds et al., 2015;
Wu et al., 2016) the SNR range for each masker type was chosen to estimate performance
scores across the whole psychometric function of each masker type, including a larger range
of positive SNRs to cover the majority of daily life sound environments and communication
situations for HI listeners.
Speech masked with the stationary masker was presented at eight SNRs between -12 dB
and +16 dB, distributed in steps of 4 dB. Speech masked with the single-talker masker was
presented at nine SNRs between -25 dB and +15 dB, distributed in steps of 5 dB. Sentence
recognition was measured in a randomized presentation order of SNRs for each masker
type. Per masker type, ten sentences were presented for each SNR.
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Spectral shaping
The HI participants did not wear hearing aids during the sentence recognition test. Instead,
the sound files for the speech recognition tests were individually amplified according to
the pure tone thresholds of each ear, by applying spectral shaping according to the NAL-R
(Byrne and Dillon, 1986) prescription algorithm. It was applied in 1/3 octave steps within
the frequency range of 315 Hz to 6300 Hz. The highest sound pressure level within each
frequency band was set to 95 dB SPL to avoid headphone saturation. We verified audibility
of the stimuli for all participants by testing sentence perception in quiet at 65 dB SPL. All
participants reached 100% correct sentence recognition for 20 sentences presented in quiet.

Pupillometry
An eye tracking system by SensoMotoric Instruments (Berlin, Germany, 2D VideoOculography, version 4), which applies infrared video tracking technology, was used to
measure the pupil diameter during the experiment. The eye-tracking system had a spatial
resolution of 0.03 mm and a sampling frequency of 60 Hz. During the experiment, the pupil
location and the pupil size were recorded by the eye tracker and stored at a connected
computer. The stored data included time stamps corresponding to the start of each trial,
including the noise onset, the sentence onset, and the prompt tone, and the sentence
recognition score, as entered by the experimenter. The experimenter monitored real-time
pupil data during the experiment and applied corrective actions, such as the adjustment of
the distance to the screen, or light adjustment, if needed.

Procedure
The test sessions were carried out in a sound proof booth and each participant sat on a fixed
chair in front of a computer screen. The height of the chair and the distance to the screen
(55 cm +/- 5 cm approx.) were adjusted individually until the conditions were optimized for
the pupil recording. Each test session started with the calibration of the light conditions
to avoid ceiling or floor effects in the pupil response (Hyönä et al., 1995). The pupil size
was first measured during a condition of maximum illumination (230 lux) and afterwards in
darkness. The illumination was individually adapted for each participant until the pupil size
reached the middle of the dynamic range between maximum illumination and darkness.
The mean illumination in the measurement booth was 13.3 lux (SD = 3.2 lux).
Each participant’s visit started with a practice session to ensure confidence with the
experimental procedure as it may not be intuitive to focus on a fixation dot and to inhibit
movements and blinking during the sentence presentation. In this session, a single sentence
for each SNR by masker type condition was randomly presented, resulting in 17 sentences
in total. After the practice round, the sentence recognition test started with 20 sentences
presented in quiet. Then the two experimental blocks were presented in random order. For
each sentence, the pupil diameter was recorded. The participants were asked to focus on a
white fixation dot on the blank computer screen in front of them and to inhibit eye blinks
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during the presentation and response intervals. After each block (lasting between 12 and 15
minutes), the participants took a break of about 10 minutes. For each of the 17 conditions
(8 SNRs for stationary masker, 9 SNRs for single-talker masker), pupil traces were recorded
for 10 sentences per condition. In total, 170 sentences were presented per participant and
one pupil trace was recorded per sentence.

Pupil data selection, cleaning and data reduction
The average pupil diameter recorded during the final second of the three second
presentation of the masker, before target speech onset, was computed and used as
baseline. The mean pupil diameter between the onset of the sentence and the answer
prompt tone was calculated relative to the baseline pupil diameter for every trace (one
pupil trace was recorded per sentence). The maximum pupil diameter between the onset of
the sentence and the response prompt, relative to the baseline pupil diameter, is the peak
pupil dilation (PPD). Pupil diameter values more than 3 standard deviations below the mean
pupil diameter (between sentence onset and prompt tone relative to the baseline) were
defined as blink. Traces with more than 15% of blinks between the start of the baseline (last
second of pre-noise before sentence onset) and the prompt tone were excluded from the
data analysis. Blinks were replaced by linear interpolation, starting 5 samples before and 7
samples after a blink (Siegle et al. 2008). The pupil response within each selected and deblinked trace was smoothed by a 7-point moving average filter. For each participant, all the
included de-blinked and smoothed traces (max. 10) for each condition were time-aligned
and averaged. The PPD of this averaged trace provided the data for the statistical analysis.

Statistical analyses
Pupil data selection, cleaning and data reduction was applied to pupil data from 34 NH and
31 HI participants. For two of the 34 NH participants and six of the 31 HI participants, we
identified less than 5 valid pupil traces out of the 10 pupil traces recorded per condition,
across all conditions. Pupil and intelligibility data for those participants were consequently
excluded and data for 32 adults with normal hearing (mean age 47.8 years) and for twentyfive adults with hearing impairment (mean age 47.9 years) were further analyzed. Five
of 32 NH and six of 25 remaining HI participants had missing PPD values (more than 15%
blinks across the 10 pupil traces per condition) across one (or more) of the 17 conditions.
We measured 170 pupil traces per participant and on average, 15.8 (SD=16.2) pupil traces
were missing per person. We applied linear mixed models (LMM) to analyze the data as
LMM’s tolerate missing values and do not exclude participants with missing values from the
analyses. A linear mixed-effects model was built in R-studio using the packages lme4 (Bates
et al., 2015) and the function lmer was applied to fit LMM to the data. Two separate LMM
ANOVAs were used to test the effect of SNR for each masker type (single-talker masker
and stationary noise masker) on the PPD and percent-correct sentence recognition. The
averaged PPD or percentage correct sentence recognition scores for each SNR were the
dependent measures with participants as the repeated measure and therefore the random
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effects. The fixed effects in each separate LMM ANOVA were the categorical variables group,
SNR and the interaction between group and SNR. We did not include (random) interactions
between SNR and participants as random factor in the separate 2-way LMM ANOVA’s as our
data did not include replicated data for combinations of SNR and participants. The setting
is a classic randomized block setting with participants as blocks and SNR as treatments. The
main effects of SNR and group (NH vs. HI) and the interaction between SNR and group were
examined. To consider effect size estimates as supplement for the p-values for the output of
our mixed models the so called “plug-in” method was applied where a back transformation
of the F-statistics from a purely fixed-effect version of the models is used to compute deltatilde (Brockhoff et al., 2016, section 4.4 to 4.5). The F-statistics itself is generally not the
best measure of effect size as it depends on the number of observations for each product
(Brockhoff et al., 2016). A delta-tilde, on the other hand, corresponds to an average of a
number of Cohen’s ds measuring the average pairwise effect size. Some of the effects had
relatively large F-values, which produced large effect sizes and therefore large delta-tilde
values. In general, larger delta-tilde values produce larger effect sizes and small delta-tilde
values produce small effect sizes, as is the case for Cohen’s d (Cohen, 1988).
A statistical comparison of both masker types requires that PPD data and %correct
performance scores are available at the same SNR values. The stationary noise masker
was presented across the SNR range between -12 to +16 in steps of 4 dB and the singletalker masker was presented from -25 dB to +15 dB SNR, in 5 dB steps. We selected an
overlapping SNR range for both maskers from -10 dB to +15 dB SNR in 5 dB steps, which
included part of the measured SNRs for the single-talker masker. For the stationary noise
masker, psychometric functions were fitted to the individual performance scores of every
participant across the originally measured SNRs (-12 to +16 dB SNR) to estimate the data
points for the analyzed SNRs in the overlapping SNR range. The SNR and the slope at the
individual 50% correct performance level was estimated, based on the computation of a
logistic discrimination function across a range of SNRs (Green & Swets, 1966). The resulting
psychometric functions covered the overlapping SNR range of -10, -5, 0, +5, +10, +15 dB SNR
and the performance scores at those SNRs were individually estimated for every participant.
The same principle was applied to estimate pupil data corresponding to the SNR range from
-10 to +15 dB SNR for the stationary noise masker. Therefore, spline curves were fitted to
the originally measured pupil data. A new data set was created with PPD and %correct
sentence recognition performance for the overlapping SNR range from -10 dB to +15 dB
for both masker types. For the statistical comparisons of the effect of masker types, the
originally applied LMM ANOVA was extended by a fixed effect variable corresponding to
the different masker types, by the 2-way interactions between masker and group, SNR and
masker, SNR and group, and by the 3-way interaction between group, SNR and masker type.
The participants were treated as repeated measures and included as random factor. A linear
mixed-effects model was built in R-studio using the packages lme4 (Bates et al., 2015) and
the function lmer was applied to fit LMM to the data, as done for the two separate LMM
ANOVAs. The new dataset for the overlapping SNR range included replicated PPD data for
the combination of SNR and masker type per participant. Two observations were made per
SNR as two different noise types were tested at the same SNR values. To keep the random
effects in the 3-way model maximal, the repeated observations required that the (random)
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interactions between SNR and participant and between masker type and participant were
added in the statistical model. We included the random effect of SNR as random slope of
SNR, to allow each participant to have their own mean PPD size and their own effect of SNR
on PPD with SNR nested within participants.
The lmerTest package offers the function rand, which allows to perform a likelihood ratio test
on the random effects of our LMM (Kuznetsova et al., 2016). The Chi square statistics and the
corresponding p-values of likelihood ratio tests are the output of the function rand and were
reported for the analysis of the random effects. The function rand provides a likelihood ratio
test that is the comparison of a model with a given random factor to that model without
the random factor. The Chi square statistics indicate the variability in the outcome measures
PPD and % correct sentence performance across participants, depending on the SNR and
masker type. The effect sizes were estimated by applying the “plug-in” method as described
for the separate LMMs above. The package lsmeans, including the function lsmeans was
used to apply pairwise comparisons for post hoc analysis of significant interaction effects.

3.3 Results
Sentence recognition data

3

Figure 2 shows the sentence recognition scores across the range of SNRs for the stationary
noise masker for NH and HI participants. Error bars represent the standard error of the
mean. Both groups have 0 % sentence recognition at -12 dB SNR and reach close to 100
% correct sentence recognition between +8 and +16 dB SNR. A shift of about 2 dB was
observed between the sentence recognition curves for the two groups at the middle range
of SNRs, with poorer performances for the HI listeners. A mixed-model ANOVA revealed
significant main effects of SNR (F[7,371]=1379.4, p<0.001, effect size delta-tilde=174,90)
and group (F[1,53]=46.6, p<0.001, effect size delta-tilde=39.82), and a significant interaction
between group and SNR (F[7,371]=17.33 p<0.001, effect size delta-tilde=1.38). After
applying a Bonferroni correction to account for multiple testing across eight SNRs (p=0.05/8,
i.e. 0.006), significant differences between the NH and HI group remained at SNRs of -4 dB,
0 dB and +4 dB (indicated by gray stars in Figure 2).
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Figure2: Peak pupil dilation (PPD) (black color) on the left y-axis and percentage correct sentence

recognition scores (gray color) on the right y-axis across signal-to-noise ratios (SNRs) for the stationary
masker for normal-hearing (NH) and hearing-impaired (HI) participants. Error bars represent the
standard error of the mean. Gray stars indicate significant group differences in sentence recognition
performance (NH vs. HI) of p<0.006.

Figure 3 shows the sentence recognition scores across the range of SNRs for the single-talker
masker for NH and HI participants. Error bars represent the standard error of the mean.
Both groups have 0 % sentence recognition at -25 dB SNR and reach close to 100 % correct
sentence recognition at +10 and +15 dB SNR. A shift of about 10 dB was observed between
the sentence recognition curves for the two groups at the middle range of SNRs, with poorer
performances for the HI listeners. A mixed-model ANOVA revealed significant main effects
of SNR (F[8,432]=551.7, p<0.001, effect size delta-tilde=62.02) and group (F[1,54]=106.5,
p<0.001, effect size delta-tilde=147.89), and a significant interaction between group and
SNR (F[8,432]=31.22 p<0.001, effect size delta-tilde=1.89). After applying a Bonferroni
correction to account for multiple testing across nine SNRs (p=0.05/9, i.e. 0.0055), significant
differences between the NH and HI group remained at SNRs of -15 dB, -10 dB, -5 dB, 0 dB
and +5 dB (indicated by gray stars in Figure 3).
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Figure3: Peak pupil dilation (PPD) on the left y-axis (black color) and percentage correct sentence
recognition scores (gray color) on the right y-axis across signal-to-noise ratios (SNRs) for the singletalker masker for normal-hearing (NH) and hearing-impaired (HI) participants. Error bars represent the
standard error of the mean. Gray stars indicate significant group differences in sentence recognition
performance (NH vs. HI) of p<0.0055.

Figure 4 shows sentence recognition across the overlapping range of SNRs from -10 to +15
dB SNR for both masker types and both groups of listeners. Error bars represent the standard
error of the mean. For the stationary noise masker (gray solid (NH) and gray dashed (HI) lines),
both listener groups had similar performances (<10% correct) at the lowest SNR of -10 dB.
When the SNR increased by 5 dB (at -5 dB SNR), NH listeners performed about 11 % better
than HI listeners. The performance difference between groups decreased gradually with
increasing SNRs until 100% correct sentence recognition performance was reached at +10
dB SNR. The difference between the groups in performance was larger for the single-talker
masker (solid (NH) and dashed (HI) lines) as compared to stationary noise. At -10 dB SNR,
NH listeners had about 41% better sentence recognition than HI listeners. This performance
difference between groups decreased gradually until high performances (i.e. ~ 90% correct
for HI and ~100% correct for NH listeners) were reached. We applied a LMM ANOVA on
sentence recognition (percent correct) across SNRs for both masker types and both groups.
The analysis revealed a significant main effect of SNR (F[5,270]=936.34, p<0.0001, effect
size delta-tilde=139.77), a significant main effect of masker type (F[1,54]=79.34, p=0.0001,
effect size delta-tilde=49.84) and a significant main effect of group (F[1,54]=84.67, p<0.0001,
effect size delta-tilde=137.76) on sentence recognition. The three two-way interactions
(group x SNR, group x masker type and SNR x masker type) and the three-way interaction
(group x SNR x masker type) were highly significant (all p-values < 0.0001). To analyze the
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random effects (participant, participant x masker type and participant x SNR) on sentence
recognition performance, a Chi-square test was performed. The Chi-square statistics
revealed that the random factor participant was significant (χ2(1, N=54)= 13.16, p<0.0001),
indicating that sentence correct performance differed significantly across participants.
The interaction between participant and masker type (χ2(1, N=54)=5.66, p=0.017) and the
interaction between participant and SNR (χ2(1, N=54)=9.02, p=0.003) were also significant.
The sentence recognition performances differed significantly between participants
depending on the SNR and masker type.

Figure4: Peak pupil dilation (PPD) (circles and squares) and percentage correct sentence recognition

scores (triangles) across signal-to-noise ratios (SNRs) for the stationary and the single-talker masker
for normal-hearing (NH) and hearing-impaired (HI) participants. The percentage correct sentence
recognition scores were estimated based on the fitted psychometric function for the stationary noise
masker and based on the measured sentence recognition scores for the single-talker masker. PPDs for
were estimated based on curve fitting for the stationary noise masker and based on measured PPD for
the single-talker masker. Error bars represent the standard error of the mean.

Based on the measured sentence recognition scores for the single-talker masker and the
fitted psychometric functions for the stationary noise masker, the SNRs and the slopes at
50% correct were estimated (see Table 1). The SNRs at 50% correct were lower for the
NH than for the HI listeners for both maskers. The estimated slopes of the psychometric
functions for stationary noise at 50% correct performance were slightly steeper for NH (13.7
%/dB) listeners than for HI listeners (11.2 %/dB). For the single-talker masker, the slopes at
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50% correct sentence recognition performance were less steep than for the stationary noise
masker but very similar for both groups of listeners (NH: 5.0 %/dB and HI: 5.6 %/dB). The
steepness of the slopes for the stationary noise masker is smaller than previous findings,
that showed a slope of 21.0% for a steady-state masker and 11.9% per dB for a two-band
modulated noise masker when speech recognition was tested for normal-hearing listeners
(e. g. Festen and Plomp, 1990).
Table1: Signal-to-noise ratio (SNR) and slope of the psychometric functions at 50% correct sentence
recognition performance. SNR and slope values were estimated based on the fitted psychometric
function for the stationary noise masker and based on the measured sentence recognition scores for
the single-talker masker.

Listener group

Masker type

SNR [dB] at 50%
correct

Slope [%/dB] of
psychometric
function at 50%
correct

Hearing-impaired

Single-talker masker

-1.8

5.0

Normal-hearing

Single-talker masker

-11.2

5.6

Hearing-impaired

Stationary noise masker

-0.80

11.2

Normal-hearing

Stationary noise masker

-3.13

13.7

3

Pupil data
In Figure 2, the averaged PPD across SNRs is shown for the stationary noise masker for
NH (solid, black line) and HI (dashed, black line) participants. The NH participants had a
maximum PPD at -4 dB SNR, where they achieved about 42% correct sentence recognition
(solid, gray line). HI listeners (dashed, black line) had relatively large PPDs across a wide
range of SNRs, where they were achieving 60-100% correct sentence recognition. A mixedmodel ANOVA on the PPD across SNRs for the stationary masker revealed a significant main
effect of SNR (F[7,356.85])=10.8, p<0.001, effect size delta-tilde=2.18) but there was no
significant main effect of listener group. The analysis also revealed a significant interaction
effect between group (HI versus NH) and SNR (F[7,356.85]=2.79, p=0.008, effect size deltatilde=0.40), indicating that the response across SNRs varied between listener groups. We
built another model for the LMM ANOVA to further investigate the significant interaction
between group and SNR. The model implied adjustments in the order of the fixed factors to
estimate differences in PPD across groups and SNRs. The analysis revealed that the PPD was
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not significantly different between groups but that the PPD differed across SNRs within each
group. We applied a Bonferroni correction to account for multiple testing across eight SNRs
(p=0.05/8) resulting in a p-value of 0.006. Within the NH group, PPD values corresponding
to -8 (t[354]=3.19, p=0.002) and -4 dB (t[354]=4.81, p<0.001) SNR differed significantly from
the lowest PPD value at -12 dB SNR. The PPD for the HI listeners differed significantly at -8
(t[354]=3.19, p=0.002), -4 (t[354]=4.98, p<0.001), 0 (t[354]=4.44, p<0.001), +4 (t[354]=3.63,
p<0.001) and +16 dB (t[354]=3.16, p=0.002) SNR from the PPD at -12 dB SNR.
The average PPDs for the NH (solid, black line) and the HI (dashed, black line) participants
in the single-talker masker conditions are shown in Figure 3. For the NH participants,
maximum PPD was measured at -15 and -10 dB SNR (solid, black line), corresponding to
25% and 55% correct sentence recognition performance, respectively (gray, solid line). The
HI participants showed their largest PPDs between -10 dB and 0 dB SNR, where they were
achieving between 12% and 58% correct sentence recognition. A mixed-model ANOVA
revealed a significant main effect of SNR (F[8,395.14] = 5.27, p<0.001, effect size deltatilde=0.67) but no significant main effect of group on the PPD. The analysis also revealed a
significant interaction between SNR and group (HI versus NH) (F[8,395.14] = 6.56, p < 0.001,
effect size delta-tilde=0.80). As for the stationary noise masker, the interaction between
group and SNR was further investigated by estimating group effects for the same SNRs. After
applying a Bonferroni correction to account for multiple testing across nine SNRs (p=0.05/9,
i.e. 0.0055), significant differences between the NH and HI group remained at -20 dB SNR
(t[390]=3.5, p<0.001) and at -15 dB SNR (t[390]=4.7, p<0.001). Significantly larger PPDs were
observed for the NH compared to the HI listeners. At positive SNRs, no significant effect of
group on the PPD was found.
In Figure 4, the PPDs across the overlapping range of SNRs from -10 to +15 dB are shown for
both masker types and both groups of listeners. The LMM ANOVA on the PPD across SNRs
for both masker types revealed a significant main effect of SNR (F[5,78.2]=8.76, p<0.0001,
effect size delta-tilde=2.18) and a significant interaction effect between SNR and masker
type (F[5,375.5]=9.28, p<0.0001, effect size delta-tilde=0.40). The main effects of group and
masker type, the two-way interactions between group x SNR, group x masker type and the
three way interaction between group x SNR x masker type were not significant. To analyze
the random effects (participant, participant x masker type and participant x SNR) on PPD,
a chi-square test was performed. The random factor participant was significant (X2(1,
N=54)=11.56, p<0.0001), indicating that the PPD differed significantly across participants. A
significant interaction between participant and masker type (X2(1, N=54)=6.57, p=0.01) was
found, indicating that changes in PPD across participants differed significantly depending on
the masker type. No significant relationship between participant and SNR was found (X2(1,
N=54)=3.0, p=0.08), indicating that there was no significant inter-individual variation in PPD
per SNR.
The PPD values were averaged over the level of group and a Tukey post-hoc test on the
significant interaction between SNR and masker type revealed differences within and
between masker types across SNR. This method implies an adjustment of p-values for
comparing a family of 12 estimates. The pairwise comparison in Table 2 shows that the PPD
for the SNR at -10 dB in the single talker masker and the PPD at -5 dB SNR in the stationary
noise masker were most different across SNRs and masker types. PPDs measured at -5 dB
SNR in stationary noise differed from the PPDs at +5, +10, and +15 dB SNR for the single72

talker masker. The difference between the two masker types is not restricted to one SNR
(-10 dB) only. For both masker types, the PPD measured at a low SNRs differed significantly
from a range of higher, positive SNRs.
Table2: Resulting p-values for across masker-type comparison from Tukey post hoc test on the
significant interaction effect between SNR and masker type. Results are averaged over levels of group
and correction for multiple comparison was taken into account.
Masker type
SNR [dB]

Singletalker
-10 dB

Singletalker
-5 dB

Singletalker
0 dB

Singletalker
+5 dB

Singletalker
+10 dB

Singletalker
+15 dB

Stationary
noise -10 dB

p<0.0001

p=0.61

p=0.61

p=1.00

p=1.00

p=1.00

Stationary
noise -5 dB

p=1.00

p=0.11

p=0.17

p<0.0001

p<0.0001

p=0.001

3
Stationary
noise 0 dB

p=0.20

p=1.00

p=1.00

p=0.56

p=0.33

p=1.00

Stationary
noise +5 dB

p=0.005

p=0.96

p=0.96

p=1.00

p=0.98

p=1.00

Stationary
noise +10 dB

p<0.0001

p=0.32

p=0.32

p=1.00

p=1.00

p=1.00

Stationary
noise +15 dB

p<0.0001

p=0.33

p=0.32

p=1.00

p=1.00

p=1.00

The beta estimates for the performance scores and PPD across SNRs are shown in Table 3
in Appendix B.
The present study examined the interplay between hearing-status and two masker types on
performance and PPD across a broad range of SNRs, covering low to high speech intelligibility
levels for both NH and HI listeners. We hypothesized that the PPD would be smaller at low
and high SNRs while a maximum PPD was expected in the mid-range of SNRs around 50%
intelligibility. We furthermore hypothesized that NH listeners would show larger PPDs for
difficult listening conditions compared to HI listeners and that the PPD changes would
depend on the different masker types with generally larger PPDs for a single-talker masker
compared to a stationary noise masker (Koelewijn et al., 2014, 2012).
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When the single-talker masker was present, maximum PPD was observed at the mid-range
of SNRs while at lower and higher SNRs, smaller PPDs were measured for both groups of
listeners. The PPD measured during sentence recognition in stationary noise showed a
pronounced maximum PPD at -4 dB SNR for NH listeners, but a relatively small PPD for
each of the SNRs resulted for HI listeners. The current study indeed demonstrated that the
relation between PPD and SNR differs between NH and HI listeners, for both masker types.
The results suggest that in HI as compared to NH listeners, the maximum PPD response is
not only shifted but that the PPD is somewhat smaller (i.e., for both the stationary noise
and interfering speech masker) but also varies less in response to SNR changes (stationary
noise masker). We did not find larger PPDs for sentence recognition during the presence of
a single-talker masker compared to the stationary noise masker. The results are discussed
in detail below.

3.4 Discussion
Sentence recognition data
Sentence recognition performance was measured during the presence of a stationary noise
and a single-talker masker across two separate SNR ranges. As expected and in line with (e.
g. Festen and Plomp, 1990) an interactive effect of SNR and hearing ability (NH vs. HI) was
observed in sentence recognition performance for both maskers (stationary noise, singletalker). Hearing impairment resulted in poorer sentence recognition performance, despite
NAL-R correction except for the end points of the sentence recognition curves where both
groups of listeners reached 0% or 100% correct sentence recognition. When both masker
types were compared across the overlapping SNR range, the %correct sentence recognition
functions for the stationary noise masker (slope NH = 13.7 %/dB; slope HI = 11.24 %/dB)
were steeper than for the single-talker masker (slope NH = 5.6 %/dB; slope HI = 5.0 %/dB)
at 50% correct performance. A difference between the performance curves of almost 10
dB indicates a benefit of the single-talker masker relative to the stationary noise for the
NH listeners. The HI listeners had smaller fluctuating masker benefit as the estimated SNR
for 50% correct (based on the fitted curves) only differed by 1 dB between masker types.
The HI listeners also had a steeper curve for the stationary noise masker compared to the
single-talker masker. In both groups there was a slight performance drop at +15 dB SNR for
the single-talker masker, which was a surprise at such a high level of sentence audibility.
Some listeners might have paid less attention at these relatively easy conditions. A single
incorrectly repeated word could have resulted in a 5% lower performance as a sentence
was only scored as correct if the listener correctly had repeated every word in the sentence.

Pupil data
The present study confirmed earlier findings showing that hearing loss influences the
allocation of listening effort, as reflected by PPD, as function depending on the SNR
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(intelligibility). This was also shown by Kramer et al. (1997) and Zekveld et al. (2011) but with
a limited range of SNR conditions and only for the stationary noise masker. The current study
is the first to demonstrate that the PPD as function of SNR depends on the listener group
(HI vs. NH). This is a highly interesting finding. We apply the FUEL framework (Pichora-Fuller
et al., 2016) to interpret our findings. More specifically, we discuss how the expenditure of
effort during listening may also depend on the listener’s motivation to perform a task. We
start with the discussion of the data for the stationary noise masker for the NH listeners.
When the stationary noise masker was presented, sentence recognition performance was
very high across the range of positive SNRs from +16 dB to +8 dB. The corresponding PPD
across these high SNRs was relatively low for the NH listeners, indicating low task demands.
With further decreasing SNRs, sentence recognition performance in the NH group dropped
from 100% at +4 dB to about 40% at -4 dB SNR. The corresponding PPD increased rapidly,
especially between 0 dB and -4 dB SNR, where sentence recognition dropped abruptly. The
NH listeners were probably motivated to keep up their high performance and they increased
the amount of effort invested in the task with a maximum around -4 dB SNR. That most effort
is invested at SNRs resulting in 50% performance levels may relate to the relatively steep
psychometric function (%-correct) at this point. In this transition region, it pays to apply
intense effort, which may drive the listener’s motivation to keep on trying (Pichora-Fuller et
al., 2016). When the SNR dropped from -4 dB to -12 dB, sentence recognition performance
rapidly decreased to 0% correct. The corresponding PPD peaked over a relatively narrow
SNR range and rapidly reduced when the task transitioned from difficult to impossible (as
reflected in %-correct). This suggests that the listener’s motivation may decrease as the
application of intense effort brings no further reward in terms of maintaining sentence
recognition performance (Pichora-Fuller et al., 2016). As such, these data contribute to the
FUEL framework.
A key finding of this study is that HI listeners seem to be less adaptive in response to varying
SNRs: they showed relatively small differences in PPD across the range of SNRs. The reduced
PPD at +12 dB for the stationary masker (see Figure 2) might indicate release from masking,
but as PPD increases again at +16 dB, it is more probably a random variation. Overall, fairly
constant PPDs were shown for the HI listeners for the SNR range from +8 dB to -8 dB even
though sentence recognition performance dropped from 100% correct at +8 dB SNR to 0%
correct at -8 dB SNR. Given the nature of the energetic masker, interacting with the hearing
impairment, the rewards of applying extra effort are probably relatively limited for HI
listeners. On the other hand, the listener’s peripheral impairment means that task demand
is elevated even at high SNRs, when sentence recognition performance is high. The overall
fairly constant PPDs across SNRs may indicate that when confronted with a stationary noise
masker, HI listeners do not experience conditions providing much extra motivation for the
expenditure of intense effort (Pichora-Fuller et al., 2016). Our second hypothesis that NH
listeners would show larger PPD for difficult SNR conditions compared to HI listeners could
not be confirmed for the stationary noise conditions. We did not find significantly different
PPDs between groups for difficult SNR conditions.
The analysis revealed that PPD differs across SNRs within each group. For both groups of
listeners, the PPD measured during sentence recognition at -4 dB and -8 dB SNR differed
significantly from -12 dB SNR and for HI listeners PPDs differed even at high SNRs. Both
groups perceive perhaps little motivation to apply intense effort at the SNR of -12 dB as it
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brings no reward in terms of improved sentence recognition performance. With increasing
SNRs, PPDs increase and listeners of both groups may seem to realize that it pays to apply
intense effort as their sentence recognition performance improves. Both groups of listeners
seems to be able to spend intense effort but the NH listeners’ motivation may decrease as
the application of intense effort brings no further rewards in terms of maintaining sentence
recognition performance at high SNRs while for HI listeners task demands are still elevated
at high SNRs. It seems like the application of intense effort is shifted towards higher SNRs
due to hearing-impairment but both groups of listeners are apparently able to invest intense
effort.
Recently, Wu and colleagues (2016), used reaction times measured during different dualtask paradigms when speech recognition in stationary noise was the primary task. The
results showed that the reaction time curves differed in shape between the young NH and
the older HI listeners. Young NH listeners had longer reaction times during unfavorable SNRs
and the reaction time curve was flatter than the curve of the older HI listeners. The older HI
listeners had similar reaction times for both the unfavorable and favorable SNRs.
In the current study we found a significant interaction effect between SNR and listener group
for the PPD measured during speech recognition in the stationary noise masker. However,
we did not find a significant main effect of group. There was a trend that NH listeners had
larger PPDs at unfavorable SNRs compared to HI listeners. Larger PPDs or longer reaction
times measured in a dual-task paradigm scheme may indicate that NH listeners spent more
effort during difficult listening situations compared to HI listeners. HI listeners on the other
hand, showed a more flat PPD curve and similar reaction times, resulting from a dual-task
paradigm, across unfavorable and favorable SNRs compared to NH listeners. The relatively
flat pupil and reaction time functions may indicate that HI listeners are less sensitive across
SNRs compared to NH listeners.
The pattern of results is slightly different for the single-talker masker. At high SNRs (+15 dB
to +5 dB), where the NH listeners’ recognition performance in the presence of the singletalker masker was close to 100%, PPDs were small. This may indicate low task demand. With
further decreasing SNRs, sentence recognition performance in the NH group dropped from
about 100% at +5 dB to about 55% at -10 dB SNR. The corresponding PPD increased and
reached its maximum between -10 dB and -15 dB SNR, where sentence recognition dropped
abruptly. At these SNRs, NH listeners seem still able to listen in dips of the competing speaker
and segregate target and competing speech, which may motivate them to stay engaged in
the task as sentence recognition performance is still between 25% and about 50% correct.
Interestingly, the largest difference in PPD between NH and HI listeners was found when
sentence recognition was measured at the SNR of -15 dB. NH listeners had significantly
larger PPDs at -15 dB and at -20 dB SNR compared to HI listeners, which may support the
assumption that NH listeners may be more engaged in the performance at -15 dB and at -20
dB SNR compared to HI listeners. At the very low SNRs, between -25 dB to -20 dB, PPDs for
NH listeners were reduced which is probably due to giving up trying to perceive the speech
as 0% correct sentence recognition performance was reached. This is in line with findings by
Zekveld & Kramer (2014) and the FUEL framework. An important finding of this study is that
the PPD curve for the HI listeners was similar to that of the NH listeners but shifted about
10 dB upwards in SNR. Our first hypothesis, assuming smaller PPD at relatively low and high
SNRs and maximum PPDs around 50% correct sentence recognition performance is true for
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both groups of listeners.
The intelligibility curve for the HI group was also parallel to the NH curve and shifted by
about 10 dB. This suggests that the mechanisms in play are similar in both groups, and that
the group difference lies in the matter of where along the SNR axis most effort is expended.
We found significant interaction effects between group and SNRs for both masker types
when the large SNR ranges were analyzed. When PPDs for both masker conditions
(stationary and single-talker masker) were compared across the smaller SNR range (-10
to +15 dB SNR), the interaction effect between groups and SNRs was not significant. This
is perhaps a consequence of the smaller SNR range, including less negative SNRs. When
separate analyses were applied for each masker type, significant differences in PPD between
listener groups were found for the low SNRs of -20 dB and -15 dB SNR for the singletalker masker. For the stationary noise masker, PPDs differed within each listener group
with respect to the lowest SNR of -12 dB. The overlapping SNR range covered only SNRs
from -10 dB to +15 dB and does not include those very low SNRs, where the interaction
effects were found for the separate analyses. The hypothesized group differences at difficult
SNRs could consequently not be confirmed for the SNR range between -10 dB and +15 dB.
However, a significant interaction between SNR and masker type for the overlapping SNR
range resulted. The significant interaction between SNR and masker type shows that the
effect of masker type on the PPD depends on the SNR. The maximum PPDs for the separate
SNR ranges of each masker type were obtained at SNRs very close to -5 dB (at -4 dB) for
the NH group in stationary noise masker and at -10 dB SNR for both groups in single-talker
masker. Surprisingly, PPDs measured during the presence of the single-talker masker were in
general not significantly larger than PPDs measured for the stationary noise masker. This is
contrary to previous findings, which showed larger PPDs for the presence of a single-talker
masker compared to a fluctuating and a stationary noise masker (Koelewijn et al., 2014,
2012; Zekveld et al. 2014). Speech recognition in the presence of a single talker masker can
result in a larger pupil response, which is likely due to additional informational masking
which introduces more cognitive load than the presence of a stationary noise masker. This
main effect of masker type on the PPD was previously shown for listeners of different age
groups (e.g. young versus middle-aged listeners, Koelewijn et al., 2012) and with different
hearing abilities (normal-hearing versus hearing-impaired, Koelewijn et al., 2014, 2012). In
the current study, the sentence material was presented binaurally via headphones, in the
same manner as in previous studies (Koelewijn et al., 2014, 2012; Zekveld et al. 2014). The
main difference between the current study and previous studies lies in the implementation
of different levels of intelligibility. In previous studies (Koelewijn et al., 2014, 2012; Zekveld
et al. 2014), intelligibility was the independent (fixed) factor while in the current study fixed
SNRs were tested. The differences in the experimental study design could perhaps affect
differences in the pupil dilation for different masker types. Individually perceived differences
of task difficulty and cognitive load might be larger across participants when SNRs are fixed
compared to fixed levels of intelligibility. However, this is very speculative.
Overall, NH listeners had largest PPDs at negative SNRs while HI listeners had largest PPDs
across a wide range of SNRs, when the single-talker masker was present during sentence
recognition performance. Independent of the presented masker type, HI listeners had
increased PPDs compared to NH listeners across a range of positive SNRs, which may
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indicate high task demands even though sentence recognition performance was high. If
typical daily listening situations (SNRs) indeed tend to evoke elevated effort in HI but less in
NH listeners, despite high performance levels in both groups, this could be a cause of the
commonly reported fatigue in HI listeners (Hétu et al., 1988; Kramer et al., 2006). Further
research is needed at this point, to conclude whether this is the case.
The aim of this study was to measure the PPD and % correct performance across the entire
range of the psychometric function, including a large range of positive SNRs to cover reallife listening condition for HI listeners (Smeds et al., 2015; Lunner et al., 2016). We decided
to present a range of fixed SNRs. Due to the large SNR range, we had relatively few SNRs
in the mid-range of the psychometric function. A direct comparison of the PPD differences
between groups and masker types based on these data is, however, not straightforward as
the levels of the independent variable in this analysis (% correct sentence recognition) differ
between groups and masker types. Also, there is a relatively small number of data points for
the mid-range of sentence recognition performance. The present study demonstrates how
the pupil response relates to changes in SNR. In previous studies (Zekveld & Kramer, 2014;
Zekveld et al., 2011; Koelewijn et al., 2012), intelligibility was the independent (fixed) factor.
The current and these previous studies indicate that both intelligibility and SNR influence
the PPD – and that these effects cannot be differentiated across most of the psychometric
intelligibility function where performance is not at floor or ceiling levels. However, SNR still
influences the PPD at high intelligibility levels where performance is around 100% (current
study), whereas the PPD can also differ between acoustically different conditions resulting
in the same performance level (Koelewijn et al., 2012; Zekveld et al., 2014).
Our data demonstrate that pupillometry reveals effects that are not discovered using
conventional speech in noise tests. Combined information about actual task demands
and required effort during speech recognition performance is of great value for clinical
applications such as measures of successful hearing aid fitting with respect to effortful
listening in daily life environments (Ohlenforst et al., 2017).

Limitations
A possible limitation within this study may be the unequal number of participants with
each group of listeners (NH and HI). We aimed to include 68 listeners in total and an equal
numbers of NH and HI listeners, but unexpected drop outs and noisy pupil data limited
our data collection. The analysis performed was selected as it provides relatively solid and
reliable results while keeping the effect of the missing pupil data as small as possible. We did
observe statistically significant interaction effects that replicate previous findings (Kramer et
al., 2013; Zekveld et al., 2011). This supports the reliability of the present results.
A possible reason for the noisy pupil data may be the rather small number of sentences
(n=10 sentences) presented per SNR condition. The large number of SNRs (n=17 SNRs) across
both masker conditions limited the amount of sentences we could present per condition
(Versfeld et al., 2000). Previous studies applied adaptive speech reception threshold (SRT)
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procedures and used between 39 and 45 sentences for a reliable pupil dilation measurement
(Zekveld et al., 2011; Koelewijn et al., 2012). The defined number of SNRs may be another
limitation within this study. We chose a wide range of fixed SNRs to cover the whole range of
sentence recognition performance. However, smaller steps (e.g. 2 dB steps) between those
fixed SNRs may have provided an even clearer picture of the related effort, although we
don’t expect large deviations from the relatively gradual curves observed in the current
study. The different types of background noise and the inclusion of NH versus HI listeners
motivated us to choose different ranges of SNRs for the stationary and the single-talker
masker. We wanted to make sure that even the NH listeners reached the lowest point of
sentence recognition performance for both masker types. However, an equal range of SNRs
for both masker types would have allowed a more direct comparison.

3.5 Conclusion
Our data indicate an interactive effect between hearing status (NH versus HI) and SNR on
the PPD. The PPD changed depending on the difficulty of the listening condition and the
listeners hearing abilities. With a stationary masker, NH listeners show maximum PPD across
a relatively narrow range of low SNRs, while HI listeners show somewhat heightened PPD
across a wide range of ecological SNRs. With a single-talker masker, NH and HI groups show
similar PPD patterns, but with a shift towards higher SNRs in the HI listeners. These findings
indicate that the pattern of listening and –more specifically – the allocation of effort during
listening in daily life may be different for HI than for NH listeners. Further research is needed
to find out if this is the reason why complaints of fatigue and stress are more often observed
in HI than in NH listeners.
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dilation.
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Abstract

Context and Objective: The aim of the current study was to examine whether speech
recognition performance and the corresponding peak pupil dilation (PPD) are associated
with the listeners cognitive abilities and their hearing status.
Methods: These questions were tested for a fixed speech reception threshold (SRT) in a
single-talker masker (Experiment 1), and for a range of fixed SNRs for a single-talker and
a stationary noise masker (Experiment 2). Verbal working memory capacity, inhibition
of interfering information in working memory, and linguistic closure were examined as
covariates. Normal-hearing and age-matched hearing-impaired listeners participated in
both experiments. Univariate Spearman correlation, association regression models and
linear mixed model (LMM) ANOVAs were separately performed for speech recognition
performance and PPDs.
Results: The results from Experiment 1 indicated that higher working memory capacity
together with better abilities to inhibit interfering information and better linguistic closure
abilities are associated to larger pupil responses when listeners were hearing-impaired. The
findings from Experiment 2 suggested that the influence of cognitive measures (Reading
Span Test (RST), Size Comparison Span (SICspan) and Text Reception Threshold (TRT)) on
speech recognition and the pupil response varied across SNR, however the interactions did
not exhibit obvious systematic trends. The impact of the listeners hearing ability on the link
between cognitive measures, speech recognition and the pupil response did not show a
systematic trend either.
Conclusion: The results caution against the appealing assumption that the listeners hearing
ability can generally predict the interplay between individual differences in working memory,
speech recognition performance and the allocation of cognitive resources.
.
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4.1 Introduction
When people with hearing impairment are engaged in a conversation, they are thought
to depend on their cognitive abilities, such as working memory capacity, the inhibition of
interfering information and linguistic closure, to compensate for reduced audibility (PichoraFuller, 2003; Peelle, 2017). Especially, successful speech recognition in background noise
requires a variety of cognitive abilities, granting simultaneous storing and processing of
information, determining the target speech from a complex acoustic signal or integrating
fragmentary linguistic information. The association between cognitive abilities and speech
perception performance has repeatedly been demonstrated in recent research (Lunner
and Sundewall-Thorén, 2007; Gatehouse et al., 2003; Ohlenforst et al., 2016; Rudner et
al., 2011; Akeroyd, 2008; Kramer et al., 2009; Peelle, 2017; Rönnberg et al., 2008; Lunner,
2003). Higher working memory capacity, better inhibition skills (Koelewijn et al., 2014) and
better linguistic closure (Zekveld et al., 2011) skills were related to better speech reception
performance (Koelewijn et al., 2014; Koelewijn et al., 2012a; Zekveld et al., 2011). The
results from twenty experimental studies, that have measured the relationship between
speech recognition in noise and different aspects of cognition showed that working memory
together with the individuals hearing ability are the most efficient predictors for speech
recognition performance in background noise (Akeroyd, 2008; Humes, 1994).
The association between cognitive abilities and speech recognition performance can
be moderated by the level of intelligibility or the interaction between intelligibility and
cognitive abilities. The taxing impact of reduced audibility on cognitive demands and
memory has for example been demonstrated when memory skills for short stories were
tested for normal-hearing and hearing-impaired listeners (Piquado et al., 2012). Normalhearing listeners were able to deal with less processing time to comprehend and memorize
the context of short stories. For hearing-impaired listeners was increased processing time
related to improved performance in memorizing the short stories (Piquado et al., 2012). It
was consequently suggested that hearing-impaired listeners might perceive more cognitive
challenge during speech recognition in background noise than normal-hearing listeners do
(Wingfield, 2016). Individual differences in working memory capacity have been suggested
to influence speech recognition performance especially in challenging listening conditions
(Lunner and Sundewall-Thorén, 2007; Gatehouse et al., 2003; Pichora-Fuller and Singh, 2006;
Ohlenforst et al., 2016). That is, when larger working memory capacity can be allocated
for task performance, better performance may be achieved. Thus, better cognitive abilities
might be related to higher cognitive load, especially when listening is difficult. Even though
contradictory findings concerning the association between listening effort and cognitive
capacity have been found, evidence about the idea that successful speech recognition
performance is related to the engagement of cognitive resources exists (Peelle, 2017).
Another important factor that plays a role in the relationship between cognition, speech
recognition and hearing impairment is listening effort. The intense application of cognitive
resources for speech understanding is effortful, especially for listeners with impaired
hearing (Pichora-Fuller et al., 2016; Ohlenforst et al., 2017b; Ohlenforst et al., 2017a; Peelle,
2017). Listening effort has been defined as the deliberate allocation of mental resources to
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overcome obstacles to goal pursuit when carrying out a listening task (Pichora-Fuller et al.,
2016). Interestingly, contradictory results were obtained when the relationship between
cognitive capacity, listening effort and hearing impairment was examined during speech
recognition. On the one hand, high self-reported listening effort was associated with
smaller working memory capacity and slower processing speed during a dual task paradigm
(Desjardins and Doherty, 2013; Picou et al., 2013; Picou et al., 2011). This is in agreement
with the Ease-of-Language Understanding (ELU) model (Rönnberg, 2003; Rönnberg et al.,
2008; Stenfelt and Rönnberg, 2009), which suggests that listeners with better cognitive
abilities and higher working memory capacity can better deal with challenging listening
conditions and therefore perceive lower cognitive load and listening effort (Rönnberg,
2003). On the other hand, using different measures, other studies found larger working
memory capacity being significantly associated with a larger pupil response, indicating more
cognitive processing load (Koelewijn et al., 2014; Koelewijn et al., 2012b).
The studies described above suggest that the listeners cognitive abilities are associated with
listening effort during speech recognition. However, it is not clear yet whether listening effort
can as well be associated with the listeners cognitive abilities. Physiological measures, such
as the task-evoked pupil dilation, permit the assessment of one aspect of listening effort,
namely the allocation of mental resources during speech recognition. Recent research,
assessing the interplay between cognitive abilities and speech recognition performance
or the pupil response demonstrated that pupillometry can successfully be used to study a
variety of factors that affect the allocation of cognitive resources during speech recognition.
Those factors include lexical manipulation (Kuchinsky et al., 2013), linguistic complexity
(Wendt et al., 2016), cognitive functions (Zekveld et al., 2011), hearing impairment (Zekveld
et al., 2011; Kramer et al., 1997), sentence intelligibility (Zekveld et al., 2011) and different
masker types (Koelewijn et al., 2012a). Generally speaking, an increase in cognitive demands
is reflected in a larger pupil dilation (Beatty, 1982; Engelhardt et al., 2010). The relationship
between task demands and changes in the pupil dilation is however not linear as the pupil
dilates until task demands exceed the available cognitive resources (Granholm, 1996).
Recently, researchers recorded pupil dilations and subjective effort ratings to assess the
impact of background noise and sentence complexity on cognitive processing demands
during sentence comprehension for a group of normal-hearing listeners (Wendt et al.,
2016). In line with Koelewijn and colleagues (Koelewijn et al., 2014; Koelewijn et al., 2012b)
higher working memory capacity was correlated with larger pupil dilation responses during
speech comprehension in one of the conditions. This suggests that listeners with higher
working memory capacity may allocate and engage more cognitive resources compared
to listeners with smaller working memory capacity. A body of research highlights the
importance of assessing listening effort as an extension to commonly applied speech
reception performance measures, as measurable changes in intelligibility are not always
sensitive enough to reflect changes in listening effort (Pichora-Fuller et al., 2016; PichoraFuller and Singh, 2006; Ohlenforst et al., 2017b; Wendt et al., 2017). It has for example been
shown that participants have to invest more cognitive resources to maintain comparable
intelligibility measures in the presence of a single-talker masker compared to a fluctuating
noise masker (Koelewijn et al., 2012b). It has furthermore been shown that the allocation
of cognitive resources is related to the signal-to-noise ratio (SNR) level at which speech
recognition performance is examined (Wu et al., 2016). Speech recognition performance
84

decreased as SNR level decreased. Interestingly, purported measures of listening effort did
not indicate continuously increasing effort but rather reduced listening effort at the lowest
and the highest SNR levels. Thus, when listening becomes very difficult, listeners may decide
not to invest intense effort for unrewarding test conditions. Also, intense effort may not be
required to maintain high performance in very easy listening conditions. Even when hearingimpaired listeners are able to maintain speech recognition performance comparable to
normal-hearing listeners, the expended amount of effort may differ (Ohlenforst et al.,
2017b). Measuring listening effort, in addition to commonly used speech reception threshold
measures, may uncover changes in cognitive processing load and the allocation of working
memory capacity when intelligibility measures are insensitive and at floor or ceiling.
In summary, previous research in the domain of speech perception and listening effort
suggests that the pupil response, examined during speech recognition, sensitively reflects
the influence of factors assumed to affect cognitive processing load (Kramer et al., 1997;
Piquado et al., 2010). For hearing-impaired listeners better linguistic closure abilities were
associated with larger PPDs, indicating increased cognitive processing load (Zekveld et al.,
2011). This association was not confirmed for young normal-hearing listeners when speech
recognition was tested at 50%, 71% and 84% correct performance. A recent review study
suggests that individual variations in working memory capacity only explain an insignificantly
small amount of variance in speech recognition performance for young normal-hearing
listeners (Füllgrabe and Rosen, 2016b). Thus, even though empirical evidence seems to
suggest an association between the listener’s working memory capacity and their speech
recognition performance in background noise (Larsby et al., 2005; Ohlenforst et al., 2016;
Füllgrabe et al., 2015; Füllgrabe and Rosen, 2016a), any such association may differ for
normal-hearing and hearing-impaired listeners. In another recent study, speech recognition
in the presence of a single-talker masker and the corresponding pupil response were
examined, for a range of conditions from 0% to 99% correct performance (Zekveld and
Kramer, 2014). The results revealed that participants that had very good linguistic closure
abilities showed relatively larger PPDs at low intelligibility levels. The researchers concluded
that processing load and presumably cognitive processing overload was reflected by their
findings. However, those results hold only for normal-hearing listeners across a range of
very difficult conditions. With the knowledge provided by the above mentioned studies,
the relationship between cognitive skills, speech recognition and listening effort can only
partly be explained for a small range of speech intelligibility conditions and normal-hearing
listeners. It is yet unclear how working memory capacity, inhibition and linguistic closure
abilities for hearing-impaired listeners are associated with speech recognition and the pupil
dilation across a broad range of listening conditions. However, recent research highlights the
importance of examining a broad range of listening conditions, including conditions related
to low and high speech recognition performance for listeners with normal and impaired
hearing (Ohlenforst et al., 2017b).
In the current study, we aimed to clarify how cognitive abilities, including working memory
capacity, inhibition and linguistic closure, are associated to speech recognition performance
and the corresponding peak pupil dilation (PPD). We intended to investigate the impact of
cognitive abilities across a broad range of listening conditions and possible differences in the
allocation of cognitive resources between normal-hearing and hearing-impaired listeners.
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We tested normal-hearing and hearing-impaired listeners separately, as we expected
different results for the two listener groups. A broad variety of listening conditions was
distributed across two experiments, included a fixed intelligibility level (Experiment 1) and a
range of fixed SNR levels (Experiment 2). For Experiment 1, we hypothesized that larger pupil
responses and lower SRTs at 50% correct speech recognition performance are associated
with larger working memory capacity and better linguistic closure abilities and that hearingimpaired listeners would depend more on their cognitive resources than normal-hearing
listeners (Koelewijn et al., 2014; Koelewijn et al., 2012b; Zekveld et al., 2011; Füllgrabe and
Rosen, 2016b; Larsby et al., 2005). Listeners with larger working memory capacity (Van Der
Meer et al., 2010; Grady, 2012; Koelewijn et al., 2014; Koelewijn et al., 2012b) and better
linguistic closure skills (Zekveld et al., 2011) are presumably able to allocate more cognitive
resources and therefore show larger task-evoked PPDs compared to listeners with smaller
cognitive abilities(Koelewijn et al., 2014; Koelewijn et al., 2012b). We hypothesized for the
outcomes from Experiment 2, that the effect of cognition or linguistic abilities is modulated
by the SNR condition, such that better cognitive and linguistic abilities would be related
to relatively large pupil responses at low SNRs, when speech intelligibility is low (Zekveld
and Kramer, 2014). We assumed that particularly hearing-impaired listeners would be more
dependent upon their cognitive abilities than normal-hearing listeners.

4.2 Materials and Methods
Experiments

The current study included two separate experiments (Experiment 1 and 2). The
experiments took place during two separate test sessions with the same experimental
setup. We measured speech recognition performance and the pupil response during both
experiments. In Experiment 1, an adaptive procedure was applied to arrive at 50% correct
speech recognition (Wang et al., 2017). In Experiment 2, speech recognition performance
was measured for fixed SNRs (Ohlenforst et al., 2017b). The overall recruitment, the
experimental setup, the pupillometry measures, the applied pupil data preprocessing and
part of the participants were identical for both experiments, and are described first. The
speech reception measures and the analysis differed between the two experiments. Those
sections are separately described at the end of the following method section.

General methods

Participant recruitment and inclusion criteria
The recruitment of the participants took place at the VU University Medical Center, the VU
University, local hearing aid dispensers and community centers in Amsterdam. We recruited
the hearing-impaired listeners first, followed by age-matched normal-hearing listeners.
The maximum age difference between normal-hearing and hearing-impaired listeners
was 5 years. The audiometric inclusion criterion for the hearing-impaired participants was
sensorineural hearing impairment (air-bone gap <10 dB between 500Hz and 4kHz) with a
pure-tone average (PTA) between 35 and 65 dB HL across 500 Hz and 4k Hz. The hearing
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impairment had to be roughly symmetrical (difference < 20dB at one frequency, or <15 dB
HL at two frequencies or < 10 dB HL at three frequencies, across 250 Hz to 4000 Hz). The
age-matched group of normal-hearing listeners had PTAs below 20 dB HL across 250 Hz to
4kHz. All participants were native speaker of Dutch language and none of the participants
reported health problems. We made sure that medical treatment was not sedatic and did
not have any known or reported effect on the pupil function. None of the participants had
celebral injuries, such as traumatic brain injury or stroke. Further exclusion criteria were a
history of psychiatric or neurological diseases or eye diseases, to avoid abnormalities in the
pupil response. The experiment was approved by the VU University Medical Center Ethical
Committee and all participants provided written informed consent for participation. Thirtyfive normal-hearing and 35 hearing-impaired listeners were recruited but only data from 31
hearing-impaired and 34 normal-hearing listeners were included. The data for four hearingimpaired listeners were not further used for the analysis, due to unexpected changes in
hearing thresholds with respect to an earlier audiogram (n=1), unexpected cognitive
problems (n=1) or other health problems (n=2). One normal-hearing participant did not
complete Experiment 1, due to unexpected changes in hearing ability.
Auditory stimuli and spectral shaping
The same target stimulus was used for the speech recognition task in both experiments.
Everyday Dutch sentences (Versfeld et al., 2000) were spoken by a female talker and
diotically presented via headphones. An example sentence is: “de winkel is op loopafstand”
(translation: “the shop is within walking distance”). Each sentence consisted of eight or nine
syllables and each word contained one or two syllables. Sentence duration ranged between
1.4 and 2 seconds. The same presentation procedure of the stimuli was applied for both
experiments and the different masker types. The masker started for each trial three seconds
before the onset of the target sentence and ended four seconds after the sentence offset.
The participants were asked to repeat the sentence aloud, after the offset of the postsentence noise, which was indicated by an answer prompt tone. The answer prompt tone
was presented for 1 second at 55 dB SPL at a frequency of 1000 Hz. In Experiment 2, speech
recognition performance was measured in the presence of a stationary noise or a singletalker masker. The single-talker masker consisted of concatenated sentences (Versfeld et al.,
2000) spoken by a male talker. The long-term average spectrum of both masker types was
identical to the long-term average speech spectrum of the target sentences (Versfeld et al.,
2000), and the masker was always presented at 65 dB SPL. In Experiment 1, only the singletalker masker was used. As the masker was always presented prior to the target sentence, we
wanted to avoid that the participants could learn to estimate task difficulty from changing
noise levels. Keeping the masker levels constant ensured also that the masker would not
be played too loud at very low SNRs. The participants did not wear hearing aids during
the experimental measures. However, we wanted to make sure that equal audibility was
provided amongst all participants. For each hearing-impaired participant, the sound files for
the speech recognition tests were individually amplified according to the hearing thresholds
at each ear. The National Acoustic Laboratories’ linear fitting procedure, revised version
(NAL-R) (Byrne and Dillon, 1986) was applied in 1/3 octave steps within the frequency range
of 315 Hz to 6300 Hz. The stimuli were bilaterally presented via headphones. Headphone
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saturation was avoided by setting the maximum sound pressure level within each frequency
band to 95 dB SPL. We verified that all participants would reach 100 % correct sentence
recognition performance when the target sentences were presented at 65 dB SPL in quiet.
The auditory stimuli and the applied spectral shaping described in the current study were
similar to one of our previous pupillometry studies (Ohlenforst et al., 2017b).

Outcome measures

Speech recognition performance
Participants’ responses were manually scored by the experimenter, and each sentence
was accounted as correct if the entire sentence was repeated without mistakes. In both
experiments, the same sentence material (female talker) was presented as target stimulus
(Versfeld et al., 2000). In Experiment 1 the SRT (Festen and Plomp, 1990) for 50% correct
performance was applied to measure sentence recognition in the presence of a single-talker
masker background. In Experiment 2, sentence recognition performance was measured
across a range of eight SNRs for a stationary noise masker and across nine SNRs for the same
single-talker masker used in Experiment 1. The SNR levels in Experiment 2 corresponding to
a range of intelligibility conditions from 0% to 100% correct performance.
Pupillometry
The pupil diameter of both participants eyes (left and right) were recorded during the
speech recognition test session within each experiment, using an eye tracking system by
SensoMotoric Instruments (Berlin, Germany, 2D Video-Oculography, version 4). The eyetracking system had a spatial resolution of 0.03 mm and a sampling frequency of 60 Hz. The
pupil location, the pupil size between the masker onset and the masker offset and the speech
recognition scores were recorded and stored at a connected computer. The experimenter
observed the real-time pupil data during the experiment. Some participants started to blink
more often, some lowered their eye lids or moved their head more during the experiment.
The experimenter applied corrective actions, such as the adjustment of the distance to the
screen or reminded the participants to remain focused during the test.

Covariate factors

Reading Span Test (RST)
The RST serves as assessment of verbal working memory capacity in the visual domain
(Daneman and Carpenter, 1980). The test originates from an English version, which was
translated to Swedish. The sentence material tested in the current study consisted of
5-word Dutch sentences (Besser et al., 2013), which were equivalent to the Swedish version
(Andersson et al., 2001; Rönnberg et al., 1989). The test consisted in total of 54 sentences,
which were presented on a computer screen with an increasing number of sentences in
sets of 3 to 6 sentences. Half of the sentences were semantically correct, the other half
were semantically incorrect. First, the participants had to read each sentence out loud
and verbally judge its semantic correctness. The participants were told to recall either the
first or the last noun of all sentences in each set. The task was strategically difficult, as the
participants did not know beforehand which noun (first or last) of all sentences they would
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be asked to recall. After the presentation of each set of sentences, the participants had to
repeat all first or all last nouns of all sentences in a set in correct presentation order. The
overall RST score is independent of the recall order and corresponds to the total number
of correctly recalled nouns, which results in a maximum score of 54. Better performance is
indicated by a higher overall RST score.
Text reception threshold (TRT) test
The ability to recognize masked speech information is associated with the individuals’
hearing abilities and the cognitive processing abilities. Commonly, the SRT test is used
to measure the listeners ability to recognize masked speech in the auditory domain. The
listeners working memory capacticy is in speech recognition research frequently assessed by
means of the RST test. However, the ability to recognize masked speed information can also
be assessed in the visual domain by means of linguistic closure, which describes the abiltiy
to read masked text. The TRT test is an assessment of linguistic closure ability (Zekveld et al.,
2007) and is also known as the visual analogue to the SRT test. The TRT test consists of 13
sentences, which are masked by a bar pattern and presented on a computer screen. The text
is of red color and masked by black bars on white background. Each sentence is presented
cumulatively word by word in a timing comparable to the word onset of the corresponding
recorded SRT sentences. Once the whole sentence is completed, all words remain visible for
500 ms on the computer screen. The participant repeated aloud as much of the sentence
as they could. The experimenter scored performance as correct if the whole sentence was
repeated correctly. The bar pattern masked 42% of the first sentence. If a sentence was not
entirely correctly repeated by the participant, the bar pattern became more sparse (i.e. the
percentage of unmasked text was increased) for the following sentence. A 1-up-1-down
procedure with a step size of 6 % was applied to converge on the percentage of unmasked
text required to read around 50% of the sentences entirely correctly. The overall TRT score
corresponded to the average proportion of unmasked text for sentences 5 to 14, with lower
TRT scores corresponding to better performance. One practice and three regular TRT tests
were performed by each participant. We used the mean TRT score of the actual test session
for each participant as a covariate or correlation factor in the analyses.
Size-Comparison Span test (SICspan)
The participants’ working memory capacity and their ability to suppress irrelevant linguistic
information was measured in terms of the size-comparison span test (Sörqvist et al., 2010;
Sorqvist and Ronnberg, 2012). The participants had to respond to a set of questions that
was presented on a computer screen, which required relative size judgments between two
items (e. g. “is a BUSH larger than a TREE?”). The participants responded that the judgment
was correct by pressing “J” or “N” respectively for correct or incorrect statements, using
a QWERTY keyboard. A single semantically related word, that the participants had to
remember, was presented after each question on the computer screen (e. g. “FLOWER”).
The test covered ten sets in total and each set consisted of 2 to 6 size comparison questions.
Between sets, different nouns were presented. Within a set, the presented nouns and those
that had to be remembered were always from the same semantic category (e.g. plants).
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After the presentation of a whole set of questions was finished, the participants were asked
to orally repeat all the single nouns to remember. In total, 40 items could be remembered
correctly. The order in which the single nouns were recalled did not matter. The total
number of correctly recalled nouns resulted in the overall SICspan score, with lower scores
corresponding to lower performance. Correctness of size comparisons was not scored.

General procedure

Each test session started by seating the participant on a fixed chair inside a sound proof
measurement booth. Participants were instructed to sit in a comfortable position that they
could stay in for at least 10 minutes. A computer screen and the eye tracking camera were
placed in front of the participant. The distance between the center of the computer screen
and the midpoint of the participants’ eyes was approximately 55 cm. After the participant
was seated properly, the light condition in the measurement booth was calibrated. The pupil
size was measured during a condition of maximum illumination (approximately 230 lux)
followed by a condition of complete darkness. To avoid floor or ceiling effects in the pupil
response, individual adaptation of the illumination was applied for each participant until a
medium pupil size was measured (Hyönä and Ekholm, 2016). The illumination during the
test sessions was on average 13.3 lux (SD=3.2 lux). Each test session started with a practice
session to ensure that the participants were confident with the experimental procedure,
such as the inhibition of head movements and blinking during the sentence recognition
task. The participants’ task was to focus on a white fixation dot on the computer screen in
front of them, and to blink as little as possible during the sentence presentation and the
response interval. The actual experiment started with a practice session during which one
single sentence for each SNR and masker type condition was presented in random order.
After the practice session, the first experimental session started and for each presented
sentence the pupil diameter was recorded. For Experiment 1, 25 sentences were presented
in one block, and during Experiment 2, 17 conditions (8 SNRs for stationary masker, 9 SNRs
for single-talker masker) were recorded, consisting of 10 sentences per condition.

Pupil data selection, cleaning and data reduction

We examined the task-evoked pupil diameter when the speech signal was present with
respect to the baseline pupil diameter when only the masker signal was present. The
baseline was defined as the average pupil diameter recorded during the final second of the
three second presentation of the masker, before target speech onset. In the current study,
we focused on the peak pupil dilation (PPD), which is the maximum pupil diameter between
the onset of the sentence and the response prompt, relative to the baseline pupil diameter.
Pupil diameter values that were 3 standard deviations below the mean pupil diameter
(between sentence onset and prompt tone relative to the baseline) were categorized as
blinks. Blinks in the pupil traces were replaced by linear interpolation (5 samples before and
7 samples after the blink). We excluded pupil traces with more than 15% of blinks between
the start of the baseline (last second of pre-noise before sentence onset) and the prompt
tone from the analysis. The pupil response within each selected and de-blinked trace was
smoothed by a five-point moving average filter. For each participant, all the included de90

blinked and smoothed traces for each condition were time-aligned and averaged. The PPD
of this averaged pupil trace provided the data for the statistical analysis

4

91

Experiment 1
Materials and method

Participants
In experiment 1, 19 hearing-impaired (n=13 females, n=6 males) and 27 normal-hearing
(n=17 females, n=10 males) native Dutch speaking participants were included. The hearingimpaired listeners were on average 47.2 years old (SD=10.9) and the normal-hearing
participants’ mean age was 46.3 years (SD=12.4). The age-matched group of normal-hearing
listeners had PTAs below 20 dB HL across 250 Hz to 4 kHz. The average PTA for the normalhearing participants was 8.8 dB HL (4.6 dB HL). We scaled the participants educational
level into seven levels, with 1 corresponding to a low and 7 to a high (e.g. university
degree) education. The mean educational level for the hearing-impaired listeners was 5.81
(SD=1.33). The mean educational level for the normal-hearing listener groups was 5.56
(SD=1.56). The accepted age range for participation was between 18 and 60 years. Hearingimpaired listeners were on average 47.2 years old (SD=10.8) and normal-hearing listeners
were on average almost equally old but had a slightly larger standard deviation (mean=46.3
years, SD=12.4).
Speech Reception Threshold Test (SRT)
The SRT (Plomp and Mimpen, 1979) was measured by presenting speech in a single-talker
masker background (Festen and Plomp, 1990). The target speech consisted of one block of
25 sentences (female-talker) presented in a stream of concatenated single-talker masker
sentences (male-talker) (Versfeld et al., 2000). The participants did not receive feedback on
their performance and the whole sentence had to be repeated without errors to be scored
as correct. Both stimuli were played via headphones and the SNR was initially set to -10
dB. The single-talker masker was presented at 65 dB SPL. Only the first target sentence was
adjusted in steps of 4 dB and the level of the remaining sentences was adaptively adjusted
by 2-dB in a one-up-one-down staircase procedure, targeting 50% intelligibility (Plomp and
Mimpen, 1979). First, we estimated the starting SNR level for the adaptive procedure. This
was done by repeatedly presenting the first sentence with increasing SNR levels in steps of
4 dB, until the participant was able to correctly repeat the whole sentence. The resulting
SNR level was the individual starting level for the remaining sentences in the adaptive
procedure. The dependent variable henceforth labelled as ‘SRT’ was the mean SNR of the
sentences 5 to 25. Pupil traces were recorded for each SRT test track. The smoothed pupil
traces were time-aligned to sentence onset and averaged. We calculated the PPD from the
averaged pupil trace, as the maximum pupil dilation between sentence onset and noise
offset, relative to the baseline pupil diameter. The resulting SRT and PPD values were the
dependent variables in the statistical analysis described in the following.
Statistical analyses
To start with, a linear Spearman correlation analysis between the three cognitive factors
(RST, TRT and SICspan), the outcome variables (SRT and PPD) and three possible confounders
(PTA, age and educational level) were separately applied for each listener group.
Afterwards, we built 36 separate association models to investigate the relationship
between cognition, the PPD and the SRT. Eighteen models were built for each listener
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group (normal-hearing and hearing-impaired), including three cognitive measures (RST,
TRT and SICspan), three possible confounders (PTA, age and educational level) and two
outcome measures (SRT and PPD). The dependent variables in the models were the SRTs
or PPDs. The independent variables in the model were the cognitive measures obtained
during the RST, the TRT or the SICspan tests. For each model, we tested separately if PTA,
age or educational level were possible confounders. We aimed to investigate whether the
relationship between the cognitive factors and SRT and PPD can be partly explained by
the participants PTA, age or educational level. A critical α level of p < .05 was applied for
the association models. To be a confounding factor, each variable (PTA, age or educational
level) had to fulfill two criteria. First, the possible confounder had to be correlated (p < .20)
with the corresponding independent (RST, TRT or SICspan scores) and dependent (SRT or
PPD) variables in the model. If the correlation criteria was fulfilled, the regression model
was tested with and without including the possible confounder variable. The regression
coefficient of the independent variable (RST, TRT or SICspan) had to change by at least 10%
when the confounder variable was added to the model compared to when the confounder
variable was not included in the model (Grayson, 1987). If and only if both criteria were
fulfilled, the confounder variable was kept in the regression model. If two or more of the
possible confounders met both criteria, the strongest confounder was added to the model.
If adding an additional confounder resulted in a change of at least 10% of the regression
coefficient of the independent variable, the additional confounder was also included in the
model.

Results

The data distribution was checked for all variables and Spearman correlation analysis was
applied. The cognitive measures (RST, TRT and SICspan), the dependent variables SRT
and PPD, and the PTA values were all normally distributed for both listener groups. The
participants’ mean educational level and the mean age was above the normal distribution
and a Spearman’s correlation coefficient was applied.
To assess whether the SRT and the PPD were associated with working memory capacity
(RST), working memory capacity and the ability to inhibit irrelevant linguistic information
(SICspan) and linguistic closure (TRT), linear regression analyses were separately applied for
the SRTs and the PPDs.
Spearman correlation analysis for normal-hearing listeners
For the normal-hearing listeners no significant (p<0.05) correlation was found between any
of the three cognitive measures (RST, TRT and SICspan) and the SRT or the PPD.
Spearman correlation analysis for hearing-impaired listeners
For the hearing-impaired listeners, we found that higher (better) SICspan performance was
correlated with larger PPD (r=0.54, p=0.02). A significant positive Spearman correlation between SRT and PTA suggested that higher (worse) hearing thresholds are associated with
higher (worse) SRT scores (rho=0.5, p=0.03).
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Association analysis for normal-hearing listeners
None of the linear regression models showed a significant association between the cognitive
measures (RST, TRT and SICspan) and the SRT or the PPD for the normal-hearing listeners.
Association analysis for hearing-impaired listeners
The association models (see Table 1) between RST and SRT and RST and the PPD were not
significant, and no confounders were identified (PTA, age, educational level). The association
model between SICspan and PPD (β=0.012; R2=0.34; F(1,17)=8.67; p<0.01) suggests that HI
individuals with a higher level of working memory capacity may allocate more cognitive
resources when listening at 50% performance. A significant association between the TRT
and the PPD was also found in the linear regression analysis (β=0.007; R2=0.30; F(1,17)=7.3;
p<0.05). Better linguistic closure ability (lower TRT score) was associated with larger PPD,
suggesting the allocation of more cognitive resources.
Table1: Significant linear regression models with PPD as dependent variable, and SICspan and TRT as

independent variables. Shown are the unstandardized regression coefficients including the standard
error β (SE), the standardized regression coefficients βstand, the t-values, the p-values of significant
associations (p<0.05) and the variance R2.

Dependent
variable

Independent
variable

β (SE)

βstand

t

P

R2

PPD

SICspan

0.012 (0.004)

0.58

2.94

0.009

0.34

PPD

TRT

0.007 (0.003)

0.55

2.70

0.015

0.30

In summary, a significant association between working memory capacity and inhibition
skills (SICspan) and linguistic closure (TRT) with the PPD at 50% correct speech performance
was shown for hearing-impaired listeners but not for normal-hearing listeners. This finding
is in line with our first hypothesis and recent research, suggesting that better cognitive
skills enable hearing-impaired listeners to allocate more cognitive resources for task
performance, but that working memory capacity may be a less important factor in speech
recognition by normal-hearing listeners (Van Der Meer et al., 2010; Grady, 2012; Koelewijn
et al., 2014; Koelewijn et al., 2012b; Zekveld et al., 2011; Füllgrabe and Rosen, 2016b). The
results showed that PTA, age and education level were not significant confounders on the
relationship between the cognitive abilities tested within this study and the SRT or PPD. The
results from Experiment 1 do not suggest a significant association between the SRT and the
listeners’ cognitive abilities, as has been suggested by previous research (Koelewijn et al.,
2014; Zekveld et al., 2011).
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Experiment 2
Materials and method

Participants
In experiment 2, 31 hearing-impaired (n= 24 females, n= 7 males) and 34 normal-hearing
(n= 22 females, n= 13 males) native Dutch speaking participants were included. The hearingimpaired listeners were on average 47.2 years old (SD=10.9) and the normal-hearing
participants’ mean age was 46.3 years (SD=12.4). The mean PTA for the hearing-impaired
group was 42.1 dB HL (SD=9.3 dB HL). The average PTA for the normal-hearing participants
was 8.8 dB HL (4.6 dB HL).
Speech recognition at fixed SNRs
Based on previous research, a large range of SNRs was chosen to estimate speech
recognition performance across the whole psychometric function separately for each
masker type (Zekveld and Kramer, 2014; Festen and Plomp, 1990; Smeds et al., 2015; Wu et
al., 2016). We aimed to cover an SNR range corresponding to a majority of daily life sound
environments and communication situations for HI listeners and therefore included a large
range of positive SNRs for both masker types (Wu et al., 2016; Smeds et al., 2015). The
target sentences were presented at eight SNRs in steps of 4 dB, between -12 dB and +16 dB,
when the stationary noise masker was present. In the presence of the single-talker masker
the target sentences were presented at nine SNRs, in steps of 5 dB, between -25 dB and
+15 dB. At each SNR, a block of 10 sentences was presented. The order of the SNRs for each
masker type was randomized.
Statistical analyses
Pupil data from 34 normal-hearing and 31 hearing-impaired listeners underwent pupil data
cleaning and data reduction as described earlier. Per participant, 170 pupil traces were
presented and on average 15.8 (SD=16.2) pupil traces included more than 15% blinks and
were excluded. For six hearing-impaired and two normal-hearing participants pupil data for
one (or more) SNRs was excluded as less than 5 valid traces were measured per condition.
We further analyzed pupil data and sentence recognition performance for 25 hearingimpaired (mean age 47.9 years) and 32 normal-hearing (mean age 47.8 years) participants.
We analyzed the pupil and speech recognition data by means of linear mixed models (LMM)
ANOVAs, as this type of analysis can deal with missing data across conditions. The package
lme4 (Bates et al., 2014) and the function lmer in the statistics software R-studio were used
for the analysis. The averaged PPD or percentage correct sentence recognition scores for
each SNR level were the dependent factors in the model. The fixed factors in the model
were SNR and the three cognitive measures (RST, TRT or SICspan) were separately tested
as covariates. We tested the effect of SNR and the three different covariates on the PPD
and sentence recognition for each participant group separately, with participants as random
factor. In total, 24 LMM models were tested including 2 outcome measures (sentence
recognition, PPD), 2 masker types (stationary noise, single-talker), 2 listener groups (normalhearing, hearing-impaired) and 3 possible covariates (RST, TRT, SICspan).
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Results

Linear mixed-model (LMM) ANOVAs for the normal-hearing listeners
The results from the LMM ANOVAs on speech recognition performance and the PPD
including SNR and each of the three cognitive measures as covariates (RST, TRT and SICspan)
for the normal-hearing listeners are shown in Table 2.
When RST and SNR were included in the LMM ANOVAs, we found for the stationary
(F(7,200)=115.3; p<0.001) and the single-talker masker (F(8,200)=64.0; p<0.001), that speech
recognition performance was significantly affected by the SNR. We found a significant main
effect of the RST on speech recognition (better RST associated with better recognition) for
the stationary noise (RST: F(200,7)=115.3; p=0.01;) and the single-talker (RST: F(1,25)=13.1;
p=0.001). A significant interactive effect between RST and SNR on speech recognition
performance was obtained for both masker types (stationary: RST x SNR: F(200,1)=6.3;
p=0.01; single-talker: SNR x RST: F(8,200)=4.3; p<0.001). To illustrate the interactive effect
between SNR and RST on speech recognition and the PPD, we split the normal-hearing
listeners into two groups depending on their RST performance. RST performance equal to or
below the median RST performance (18 (SD 5.89)) was included in the low RST performance
group, while RST scores above the median performance corresponded to the high RST
performance group (n=13 in low and high RST group). In Figure 1, the averaged sentence
recognition performance in stationary noise (subfigure A) and the single-talker masker
(subfigure C) and the averaged PPD for the single-talker masker (subfigure D) are shown,
grouped for high/low RST performance. The interactions between SNR and RST on speech
recognition performance (subfigure A and C) can broadly be described as RST having most
effect at SNRs where the recognition scores were not at ceiling or floor values. In graphical
terms, the psychometric function shifted slightly towards lower SNRs for the high RST
group. The significant interaction between SNR and RST on PPD for the single-talker masker
condition ([F(35,194)=2.88; p=0.004], subfigure D) was of a different character, indicating
larger PPDs in the high-RST group across the negative SNR range between -25 dB and -5 dB
SNR , but lower or equal PPDs for the positive SNRs.
When linguistic closure performance (TRT scores) and SNR were included in the LMM
ANOVAs, a significant main effect of the TRT on speech recognition performance was
revealed only for the single-talker masker (F(8.29)=3.7; p=<0.01). There was no effect of TRT
on speech recognition performance for the stationary noise masker and the PPD for either
masker type.
When the listeners inhibition skills (SICspan scores) and the SNR were included in the
LMM ANOVAs, a significant main effect of SICspan on sentence recognition (F(8,208)=15.2;
p<0.001) and a significant interaction effect between SICspan and SNR on sentence
recognition (F(8,208)=3.0; p<0.005) resulted for the single-talker masker. The interaction
between SICspan and SNR on sentence recognition performance in the presence of a singletalker masker showed a pattern very similar to that shown by the interaction of RST and SNR
on speech recognition. The effects of SICspan and TRT on the SRTs were not accompanied
by any effects on the PPD.
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Figure1: Subfigure A (top left) and B (top right) show the averaged sentence recognition performance
in stationary noise (A) and the single-talker masker (B), grouped for high/low RST and SICspan
performance. The subfigures C and D (bottom left and right) show the averaged sentence recognition
performance (C) and the averaged PPD (D) for the single-talker masker background, grouped for high/
low RST performance.

Overall, five of twelve possible effects involving cognitive covariates on sentence recognition
performance or PPD indicated the influence of individual cognitive variables on the allocation
of cognitive resources in the speech recognition task in the normal-hearing group.
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Table2: Results for the normal-hearing listeners. LMM ANOVAs on the sentence recognition

performance and the PPD as outcome measures, the SNR levels for both masker types (stationary and
single-talker masker) and cognitive performance scores (RST, TRT and SICspan) as fixed effects and
participants as random factor.

Normal-hearing listeners
Stationary noise masker

Single-talker masker

Possible
covariates

Sentence
recognition

PPD

Sentence
recognition

PPD

RST

SNR: F(7,200)=115.3,
p<0.001

SNR: n. s.

SNR: F(8,200)=64.0,
p<0.001

SNR: n. s.

RST: n. s.
RST: F(1,200)=6.3; p=0.01

RST: n. s.
RST: F(1,25)=13.1; p=0.001

SNR x RST: n. s
SNR x RST: F(7,200)=3.6;
p=0.001

TRT

SNR: F(7,204)=18.0,
p<0.001

SNR x RST: F(8,200)=4.3;
p<0.001

SNR: n. s.

SNR: F(8, 232)=6.6,
p<0.001

TRT: n. s.
TRT: n. s.

SNR x RST:
F(8,194)=2.9,
p<0.01

SNR:
F(8,219)=2.15,
p<0.05

TRT: F(8,29)=3.7, p<0.01
SNR x TRT: n. s

SNR x TRT: n. s.

TRT: n. s.
SNR x TRT: n. s.
SNR x TRT: n. s.

SICspan

SNR: F(7,112)=10.9,
p<0.001

SNR: n. s.

SNR: F(8,208)=15.2,
p<0.001

SICspan: n. s.
SICspan: n. s.
SNR x SICspan: n. s.

SNR x SICspan
n. s

SNR: n. s.
SICspan: n. s.

SICspan: F(1,26)=14.2,
p<0.001

SNR x SICspan:
n. s

SNR x SICspan:
F(8,208)=3.0 p<0.01

Linear mixed-model (LMM) ANOVAs for the hearing-impaired listeners
When RST and SNR were included in the LMM ANOVAs, the results for the hearingimpaired listeners showed (unsurprisingly) that speech recognition performance for both
the stationary noise and the single-talker masker was significantly affected by the SNR
(stationary noise: F(147,7)=34.3, p<0.001; single-talker masker F(176,8)=15.6, p<0.001) (see
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Table 3). We did not find a significant effect of RST on speech recognition performance for
any masker type and we did not find a significant effect of SNR or RST on the PPD for either
masker type.
When the linguistic closure performance (TRT scores) and the SNR were included in the
LMM ANOVA, a significant main effect of SNR on sentence recognition performance was
still obtained for both masker types (stationary noise: F(147,7)=8.6, p<0.001; single-talker
masker F(176,8)=3.7; p<0.001). There was no main effect of TRT on speech recognition
performance in either noise type. However, a significant interaction effect between SNR and
TRT on the PPD for the single-talker masker (F(155,8)=2.07; p<0.05) indicated that linguistic
closure may have an impact on the allocation of cognitive resources. However, no clear
pattern was evident in this interaction (see Figure 2).
When the listeners inhibition skills (SICspan scores) and the SNR were included in the LMM
ANOVA, no significant effects involving SICspan were obtained for any masker type or
outcome measure.
Overall, only one of twelve possible effects involving cognitive covariates and PPD (a
significant interaction between TRT and SNR on the PPD in the single-talker masker) indicated
any influence of individual cognitive variables on the allocation of cognitive resources in the
speech recognition task when listeners were hearing-impaired.

4

Figure2: Averaged peak pupil dilation (PPD) across SNRs for the single-talker masker condition,
grouped for high and low TRT performance for hearing-impaired listeners.
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Table3: Results for the LMM ANOVAs on the sentence recognition performance and the PPD as
outcome measures, the SNR levels for both masker types (stationary and single-talker masker) and
cognitive performance scores (RST, TRT and SICspan) as fixed effects and participants as random factor
for the hearing-impaired listeners.

Hearing-impaired listeners
Stationary noise masker

Single-talker masker

Possible
covariates

Sentence
recognition

PPD

Sentence
recognition

PPD

RST

SNR: F(7,147)=34.3,
p<0.001

SNR: n. s.

SNR: F(8,176)=15.6,
p<0.001

SNR: n. s.

RST: n. s.
RST: n. s.

RST: n. s.
RST: n. s.

SNR x RST: n. s
SNR x RST: n. s.

TRT

SNR: F(7,147)=8.6,
p<0.001

SNR x RST: n. s
SNR x RST: n. s.

SNR: n. s.

SNR: F(8,176)=3.7, p<0.001

SNR: n. s.

TRT: n. s.

TRT: n. s.

TRT: n. s.

SNR x TRT: n. s

SNR x TRT: n. s.

SNR x TRT:
F(8,155)=2.07,
p<0.05

SNR: n. s.

SNR: F(8,128)=8.1, p<0.001

SNR: n. s.

SICspan: n. s.

SICspan: n. s.

SICspan: n. s.

SNR x SICspan
n. s

SNR x SICspan: n. s

SNR x SICspan:
n. s

TRT: n. s.
SNR x TRT: n. s.
.

SICspan

SNR: F(7,112)=10.9,
p<0.001
SICspan: n. s.
SNR x SICspan: n. s.
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4.3 General discussion
This study aimed to clarify the association between cognitive abilities and speech recognition
performance and the corresponding pupil response, as a measure of allocation of cognitive
resources. We aimed to investigate the impact of cognition across a broad variety of listening
conditions and possible differences in the allocation of cognitive resources between normalhearing and hearing-impaired listeners.
Our first hypothesis was that larger pupil responses at 50% correct speech recognition
performance are associated with larger working memory capacity and better linguistic
closure abilities and that hearing impaired listeners would depend more on their cognitive
resources than normal-hearing listeners (Koelewijn et al., 2014; Koelewijn et al., 2012b;
Zekveld et al., 2011; Füllgrabe and Rosen, 2016b; Larsby et al., 2005). The Spearman
correlation analysis for the normal-hearing listeners revealed no significant association
between measures of working memory capacity or linguistic closure abilities with speech
recognition or the corresponding PPD. For the hearing-impaired listeners, the Spearman
correlation analysis revealed that higher working memory capacity and better inhibition
abilities (higher SICspan score) were correlated with larger PPD at 50% correct speech
recognition performance. The results for the hearing-impaired listeners, suggest that higher
working memory capacity together with good abilities to inhibit interfering information
(SICspan) are related to an increased allocation of cognitive resources. The results from the
Spearman correlation analysis showed that larger pupil responses at 50% correct speech
recognition performance are associated with larger working memory capacity and better
inhibition of interfering information, when listeners were hearing-impaired, but not when
they were normal-hearing.
Linear regression analysis suggests, in line with the Spearman correlation analysis and
recent evidence, that normal-hearing listeners may not depend on their working memory
capacity during speech recognition in background noise (Füllgrabe and Rosen, 2016b). A
meta-analysis on currently available evidence revealed that individual variations in working
memory capacity can only explain a small portion of variance (approximately 2%) in speech
recognition performance when listeners are young and of normal-hearing. The researchers
caution to generally assume that individual differences in working memory capacity
determine speech understanding independently of the listeners’ age or hearing abilities
(Füllgrabe and Rosen, 2016b). Studies included in this review assessed speech recognition
dominantly for 50% correct performance. However, listeners may actually depend to a
greater extend on their working memory capacity when speech understanding is more
challenging than at 50% performance. The Ease of Language Understanding (ELU) model
suggests that speech recognition in less favorable SNR conditions may tax the individuals
working memory capacity more, as intense identification processes are required to
distinguish between sensory and mental representations (Rönnberg et al., 2013). Overall,
the results from linear regression analysis suggest that higher working memory capacity
together with good abilities to inhibit interfering information (SICspan) are associated with
an increased allocation of cognitive resources (indicated by the pupil response), particularly
when listeners were hearing-impaired.
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Our second hypothesis was that the effect of cognition or linguistic abilities is modulated by
the SNR condition, in the way that better cognitive and linguistic abilities would be altered
to relatively large pupil responses at low SNRs. We assumed that particularly hearingimpaired listeners would depend upon their cognitive abilities compared to normal-hearing
listeners. The results of Experiment 2, suggest that cognitive measures are significantly
associated with speech recognition performance and the pupil response. Four interaction
effects between cognitive measures (RST and SICspan) and the SNR on sentence recognition
performance or the pupil response resulted for the group of normal-hearing listeners. For
the hearing-impaired listeners a significant interaction between the listeners linguistic
closure abilities (TRT) and the SNR on the pupil response was found. We expected to find
a stronger association between cognitive measures and the SNR on speech recognition
and the pupil response for the hearing-impaired listeners. According to the ELU model are
explicit, effortful processing mechanisms in working memory required when the perceptual
speech information and the phonological representation in long-term memory don’t
match (Rönnberg et al., 2013). A mismatch can be caused by internal distortions, such as
hearing impairment, or the integrity of linguistic or cognitive processing and by external
distortions, such as background noise. The ELU model predicts that a greater mismatch
would result in more effortful listening. It is intuitively appealing to assume that hearing
impairment causes a greater mismatch between the auditory speech input and the stored
information in long-term memory. We assumed based on the predictions by the ELU model
(Rönnberg et al., 2013) and recent evidence (Füllgrabe and Rosen, 2016b), that working
memory capacity is less important for normal-hearing listeners, while hearing-impaired
listeners would particularly depend on their cognitive abilities during speech recognition in
background noise. The results from our second experiment do not only suggest a stronger
association between cognitive measures and the SNR on sentence recognition performance
and the corresponding pupil response, they are also contradictory to the results from our
first experiment. They main difference between both experiments is that in Experiment 1,
an adaptive procedure was applied to measure 50% correct speech recognition, while in
Experiment 2 speech recognition performance was measured for fixed SNRs. Even though
the link between cognitive measures and speech understanding may be reliably and strong,
differences in speech recognition tasks may create different processing demands that may
activate different sub-components in working memory. The currently applied tests to assess
the interplay between the working memory system, speech recognition performance and
the allocation of cognitive resources may not be sensitive enough to reflect the association
between different task and different components in the working memory system. It
was for example not possible to show a constant trend of performance across all three
cognitive measures (RST, SICspan, TRT), applied within this study. For future research several
measures that presumably tax the same components in the working memory system (e.g.
RST and dual-task paradigm) should be applied and performance within participants should
be compared to draw more reliable conclusions.
Within this current study we intended to investigate the impact of cognitive abilities across a
broad range of listening conditions, including different SNRs and masker types, and possible
differences in the allocation of cognitive resources between normal-hearing and hearingimpaired listeners. Based on apriori knowledge from previous evidence and our aim to
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investigate groups differences, a number of seperate statistical analysis was carried out to
test our research questions. Seperate analysis for each masker type (stationary noise and
single-talker masker) were motivated by recent findings, suggesting that the maintainance
of comparable speech recognition performance may require more cognitive processing load
for a single-talker compared to a fluctating noise masker condition (Koelewijn et al. 2012b,
2014; Zekveld et al. 2011). It was furthermore suggested that cognitive processing load during
speech recognition in the presence of a single-talker masker may evoke larger pupil dilation
response compared to fluctuating or stationary noise conditions (Koelewijn et al. 2012b). A
number of studies suggested in addiontion that cognitive processing load or listening effort
may be modulcated by the listeners’ hearing ability and that the interaction between SNR
and hearing ability may affect the pupil dilation response (Koelewijn et al. 2012a, 2014;
Ohlenforst et al. 2017b). We analyzed the contribution of the three cognitive measures
(RST, SICspan and TRT) seperately, based on evidence suggesting that the TRT depends on
cognitive factors of speech recognition that differ from cognitive aspects measured by the
RST (Besser et al. 2012, 2013). By testing the seperate contribution of different cognitive
measures, we aimed to promote a better understanding of the specific cognitive abilities that
those tests tap into and their predictive values for speech recognition and listening effort in
noise. Recent research indicated for example that the TRT test measures cognitive processes
relevant for speeded lexical decision making during recognizing partly masked sentences
and that these processes require working memory capacity (Zekveld et al. 2018). Better
TRT performance was associated with better hearing abilities and better working memory
and verbal processing speed and generally with better speech understanding (Humes et al.
2013). Recent hearing research that examined the relationship of TRT and working memory
on SRT performance in various maskers was reviewed (Besser et al. 2013). It appeared that
TRT and working memory capacity measures such as the RST are related to each other,
but differ in their relationships with SRT performance. For normal-hearing listeners TRT
better predicted speech recognition in fluctuating nonspeech maskers whereas TRT and RST
scores were associated with SRTs in speech maskers (Besser et al. 2013). Previous research
suggested furthermore that the association between cognitive measures and speech
recognition performance may be affected by the listeners’ hearing ability (George et al.
2007; Besser et al. 2013; Zekveld et al. 2018). It was indicated that cognitive load during
speech recognition was larger for listeners with better TRT performances for 50% correct
performance when listeners were normal-hearing and the 50% and the 84% condition when
listeners wer hearing-impaired (Zekveld et al. 2011).
Splitting the normal-hearing listeners into groups of high and low cognitive performance,
differences in sentence recognition appeared across a large range of SNRs for the singletalker masker condition. Listeners with high working memory capacity (RST) or high working
memory capacity and good inhibition abilities (SICspan) showed better speech recognition
performance across a range of SNR conditions, ranging from 0% to 100% intelligibility. For
the stationary noise masker, the influence of RST on speech recognition performance varied
across a small range of negative SNRs (-4 dB to -8 dB), however the interaction did not exhibit
any obvious systematic trend. The benefit of better cognitive functionality (high RST, high
SICspan) may be reflected by better speech recognition performance for the single-talker
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masker across a large range of SNRs, compared to the stationary masker. More cognitive
processing load is perhaps required for the intelligibility of speech when interfering speech
information is present compared to a stationary noise masker (Koelewijn et al., 2012a;
Larsby et al., 2005).
The results of the current study cation against the intuitively appealing assumption that
individual differences in cognitive measures, such as working memory capacity may equally
explain speech recognition performance for different groups of listeners. The contradictory
findings between Experiment 1 and Experiment 2 in the current study may partly be
explained by the variance in the outcome measures. Additionally, the variance across SNRs
was three times smaller for the normal-hearing than for the hearing impaired listeners.
Overall, our findings and the applied methods within this study can only explain a small part
of the interplay between cognitive measures such as working memory capacity, inhibition
of interfering information and linguistic closure on speech recognition performance and the
pupil response depending on the listeners hearing ability.

4.4 General conclusion
In summary, our findings provide at least partial support for our hypothesis. The results
strongly indicate that higher working memory capacity, inhibition of interfering information
and linguistic closure abilities can have a positive impact on speech recognition but may
also come at the cost of increased allocation of cognitive resources to a given listening
task, when listeners are hearing-impaired. The impact of the listeners hearing ability on the
link between cognitive measures, speech recognition and the pupil response did not show
a systematic trend. The association between cognition, speech recognition and listening
effort are not straightforward. The contributions of cognitive ability to speech recognition
and listening effort depend on someone’s hearing status and the listening conditions.
Associations may differ or even be reversed when comparing easy, difficult, and undoable
conditions. The results caution to conclude that the listeners hearing ability can generally
predict how individual differences in working memory, speech recognition performance and
the allocation of cognitive resources interact.
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Chapter 5

Impact of SNR, masker type and noise reduction processing
on sentence recognition performance and listening effort as
indicated by the pupil dilation response.

Ohlenforst, B.,
Wendt, D.,
Kramer, S. E,
Naylor, G.,
Zekveld, A. A.
Lunner, T.
Hearing Research (2018); Under Revision.

Abstract
Recent research showed that activating noise reduction scheme in hearing aids resulted in
smaller peak pupil dilation (PPD), indicating reduced listening effort, at 50% and 95% correct
sentence recognition in a 4-talker masker. The objective of this study was to measure the
effect of noise reduction scheme (on vs. off) on PPD and sentence recognition across a wide
range of SNRs from +16 dB to -12 dB, and for two masker types (4-talker and stationary
noise). Relatively low PPDs were observed at very low (-12 dB) and at very high SNRs (+16
dB to +8 dB), presumably due to ‘giving up’ and ‘easy listening’, respectively. Maximum
PPD was observed for SNRs at approximately 50% correct sentence recognition. Sentence
recognition in both masker types was significantly improved by the noise reduction scheme,
corresponding to shifting the performance vs. SNR function about 5 dB towards lower SNR.
This intelligibility effect was accompanied by a corresponding effect on the PPD, shifting the
peak about 4 dB towards lower SNR. In addition, for the 4-talker masker the PPD was overall
smaller when noise reduction scheme was active versus inactive. We conclude that for the
4-talker masker, noise reduction scheme processing provides a listening effort benefit on
top of any effect associated with improved intelligibility. Thus the effect of noise reduction
scheme on listening effort incorporates more than we can explain by intelligibility alone,
which emphasizes the potential importance of measuring listening effort in addition to
traditional speech reception measures.
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5.1 Introduction
Audiological evaluation and research on hearing aid signal processing has typically focused
on changes or benefits in intelligibility, but has often failed to provide a complete picture of
the processes involved during speech recognition (Dillon et al., 1993; Ricketts et al., 2001;
Sarampalis et al., 2009). It has repeatedly been shown that traditional speech reception
measures are insensitive to possible benefits of hearing aid algorithms due to ceiling
effects or great variability (Gatehouse et al., 1990). Baer and colleagues (Baer et al., 1993)
suggested that the greatest benefit from noise reduction processing in hearing aids may not
be in enhanced speech intelligibility but rather in reduced listening effort.
According to the Framework for Understanding Effortful Listening (FUEL) (Pichora-Fuller
et al., 2016), listening effort depends on a range of factors, including individual factors
such as hearing ability and motivation to keep up listening and not to give up, but also
external factors such as the task demands imposed by the listening situation (Brehm, 1999).
Participants may invest less effort in their task performance, when task demands become too
high, or allocate less cognitive resources during very easy listening conditions (Ohlenforst et
al., 2017a). In recent years, an increasing number of studies have sought additional methods
to gain information about effortful listening, as a supplement to traditional audiological
measures to assess individual hearing ability (McGarrigle et al., 2014; Ohlenforst et al.,
2017b; Pals et al., 2013; Wu et al., 2016). Those methods include subjective assessments
such as self-reports or questionnaires (McAuliffe et al., 2012; Panico et al., 2009; Picou et al.,
2011), behavioral measures such as dual-task paradigms or reaction time measures (Fraser
et al., 2010; Houben et al., 2013; Tun et al., 2009) and physiological measures such as pupil
response, fMRI or EEG measures (Kuchinsky et al., 2013; Obleser et al., 2012; Petersen
et al., 2015). Crucially, listening conditions may affect listening effort even when speech
intelligibility itself is not affected, for example when speech intelligibility is at ceiling and
hence constitutes an insensitive outcome measure (Koelewijn et al., 2014; Wendt et al.,
2017). For example Wendt et al., (2017) showed that activating noise reduction scheme
at ceiling performance reduced listening effort while speech in noise performance was
unaffected. Therefore, assessing listening effort and speech performance simultaneously
may uncover challenges or changes in processing speech that may not be evident with
traditional measures.
Numerous studies in different research areas have shown that the pupil dilation increases
with increasing processing load imposed by the task demands (Beatty, 1982; Engelhardt et al.,
2010; Granholm et al., 1996; Kahneman, 1973; Van Der Meer et al., 2010). Pupillometry has
repeatedly been verified as a valid measure to quantify effort required for speech recognition
in background noise (Koelewijn et al., 2012; Koelewijn et al., 2014; Kramer et al., 1997;
Ohlenforst et al., 2017a; Ohlenforst et al., 2017b; Wendt et al., 2017; Zekveld et al., 2011).
It has for instance been shown that the SNR (ranging from -20 dB to +16 dB) and the masker
type (stationary and 1-talker masker) affect the pupil dilation during listening (Ohlenforst
et al., 2017a). Recent studies indicate that effort is not necessarily monotonically related to
task demands. Changes in effort rather follow an inverse U-shaped function, indicating that
listeners may spend less effort due to ‘giving up’ at very difficult conditions, and ‘taking it
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easy’ when listening at high SNRs (Ohlenforst et al., 2017a; Wu et al., 2016; Zekveld et al.,
2014). Ohlenforst et al. (Ohlenforst et al., 2017a) investigated the peak pupil dilation (PPD)
across a range of SNRs in hearing-impaired and normal-hearing listeners. They showed that
the PPD, as an indication of cognitive processing load, was affected by an interaction of
masker type and the hearing status of the individual. In the presence of a stationary noise
masker, hearing-impaired listeners showed relatively large PPDs across a wide range of SNRs,
while normal-hearing listeners showed a maximum PPD across a relatively narrow range of
low (challenging) SNRs (Ohlenforst et al., 2017a). With a single-talker masker, maximum
PPD was shown in the mid-range of SNRs, while relatively smaller PPDs were shown at low
and high SNRs for both groups of listeners. Interestingly, recent findings across a variety of
studies in the field of listening effort, suggest that the allocation of mental resources during
listening may be different for normal-hearing and hearing-impaired listeners to reach similar
speech understanding in daily life listening situations (Ohlenforst et al., 2017a; Ohlenforst et
al., 2017b; Zekveld et al., 2011).
Hearing aids are designed to improve the audibility of sounds and facilitate the intelligibility
of speech in quiet as well as in noisy environments. This may be accompanied by reduced
listening effort. Advanced signal processing in hearing aids includes digital noise reduction
scheme, which aims to reduce the level of interfering background noise by improving the
SNR. Recent studies indicate that noise reduction scheme improves the recall of words
presented in a competing multi-talker background (Lunner et al., 2016; Ng et al., 2015; Ng
et al., 2013). The researchers concluded that the noise reduction scheme may reduce the
adverse effect of noise on memory and thereby facilitate the segregation of the target and
the multi-talker masker signal. This enhanced memory for the target words was interpreted
as a sign of reduced listening effort (Lunner et al., 2016; Ng et al., 2015; Ng et al., 2013).
Moreover, Wendt et al. (2017) presented speech in a 4-talker babble masker at two SNRs
(SNR50 and SNR95) corresponding to the individual 50% or 95% sentence recognition level.
They assessed the effect of a noise reduction scheme applying a combination of a digital
noise reduction scheme and directional microphones. When the scheme was activated
in the hearing aid, speech recognition performance at SNR50 was significantly improved,
which was accompanied by significantly smaller PPDs. Interestingly, activating the noise
reduction scheme did not affect the near-ceiling speech recognition performance at SNR95.
Nevertheless, significantly smaller PPDs were observed, indicating a benefit of the noise
reduction scheme on listening effort. The results demonstrated that measuring listening
effort by assessing PPD provides a sensitive outcome measure of hearing aid benefit even
at a high performance level, where traditional methods of audiological assessment are not
sufficiently sensitive.
The studies described above (Ng et al., 2015; Ng et al., 2013; Wendt et al., 2017) indicate
that effort can be reduced with modern hearing aid signal processing. However, knowledge
about the benefit of noise reduction processing on listening effort is still very limited as only
a few listening conditions were tested in these studies. On the other hand, the effect of noise
reduction processing on intelligibility has been studied by several groups of researchers.
In that body of research, inconsistency in the diverse noise reduction processing schemes
studied renders generalization problematic, especially as processing schemes increase
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in sophistication over time. Some research has indicated that the application of noise
reduction processing may not always be beneficial to speech intelligibility (Bentler et al.,
2008; Nordrum et al., 2006). Such negative effects suggest that background noise may
be removed but that the target speech might also be degraded. It has been suggested,
that stronger or more aggressive signal processing may cause more signal enhancement,
but may simultaneously introduce more degradation (Loizou et al., 2011). As a supporting
example for this suggestion, in a recent study, the effect of noise reduction processing on
sentence recognition was tested in the presence of cafeteria background masker (Neher
et al., 2013). Simulated hearing aid processing including coherence-based noise reduction
was presented via headphones to hearing-impaired listeners. The algorithm was designed
to suppress reverberant signal components and diffuse background noise at mid to high
frequencies, but did not include directionality. The results showed that sentence recognition
was unaffected by moderate noise reduction processing, but that strong noise reduction
processing reduced speech recognition by approximately 5%. The effect was replicated in a
follow up study where the same acoustic test conditions were used on a group of habitual
hearing aid users (Neher, 2014). It was found that strong noise reduction processing reduced
speech recognition at -4 dB and 0 dB SNR compared to moderate or no noise reduction
processing.
It still remains unclear how hearing-impaired listeners invest listening effort across a broader
range of listening situations and how effortful listening relates to performance measures.
The current study aimed to examine how a noise reduction scheme influenced sentence
recognition and listening effort. The applied noise reduction scheme preserves speech and
reduces noise in complex environments by means of a fast-acting combination of a beamformer (Kjems et al., 2012) and a single-channel Wiener post-filter (Jensen et al., 2015) to
attenuate interfering sounds. Any effect of noise reduction processing on intelligibility will
likely affect the PPD in a corresponding direction, as the intelligibility of speech has a strong
and reliable effect on the PPD (Koelewijn et al., 2014; Ohlenforst et al., 2017a; Zekveld et
al., 2014). However, besides this intelligibility effect, the noise reduction processing may
have additional effects on the PPD, as suggested by recent literature on listening effort,
demonstrating a benefit of hearing aid processing on listening effort due to reduced
background noise and reduced cognitive effort during speech processing (Picou et al., 2013;
Sarampalis et al., 2009; Wendt et al., 2017). Demonstrating an effect of noise reduction
processing on listening effort, in combination with simultaneous knowledge about speech
in noise performance, would further substantiate the value of measuring effort as an extra
dimension in addition to traditional speech reception measures.
Recent research found better SRTs for speech recognition in the presence of a singletalker masker as compared with a stationary noise masker (Koelewijn et al., 2012). The
additive interfering effect from the speech masker may cause a more difficult condition for
speech recognition. We hypothesized, based on recent research, that better recognition
performance for the 4-talker masker compared to the stationary noise masker, as the
envelope modulations of the multi-talker masker should allow the participants to listen in
the energy dips in the spectral-temporal domain and glimpse parts of the target sentence
(Festen et al., 1990; Francart et al., 2011; Koelewijn et al., 2012; Koelewijn et al., 2014;
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Rosen et al., 2013). However, recent literature suggested that the intelligibility of speech,
masked by additional interfering speech information, may require more mental effort
compared to an energetic mask (Larsby et al., 2008). Informational masking, including
lexical interference or the competition for neural resources, may cause higher listening
effort (Beatty, 1982; Koelewijn et al., 2012; Koelewijn et al., 2014; Scott et al., 2004; Scott et
al., 2009). We hypothesized that better speech recognition is accompanied with larger PPDs
for the 4-taker masker compared to the stationary noise masker. We hypothesized improved
sentence recognition and reduced listening effort for SNRs corresponding to approximately
50% correct or better performance for the active noise reduction as compared to inactive
noise reduction scheme. This hypothesis is motivated by two arguments. First, in previous
research by Wendt and colleagues (2017), the SRT targeting 50% correct performance was
significantly improved by the active noise reduction scheme compared to the inactive noise
reduction scheme setting. Second, the segregation between target and masker signal at very
low SNRs might be more difficult for the algorithm, which might have an impact on the SNR
improvement provided by the algorithm.

5.2 Materials and Method
Participants
Twenty-five experienced hearing aid users were recruited at the Eriksholm Research
Centre in Denmark. On average, participants had used hearing aids for 7.7 years (SD=3.1
years). The participants were between 46 and 77 years old (mean age 64.3 years, SD=9.4)
and native Danish speakers. The audiometric inclusion criterion for the participants was
symmetrical, mild to moderate sensorineural hearing thresholds. The average pure tone
hearing thresholds had to lie between 35 dB and 60 dB HL (see Fig. 1) and air-bone gaps
less than 10 dB between 500 Hz and 4000 Hz were required in both ears. All participants
had normal or corrected-to-normal vision, and no history of neurological diseases, dyslexia
or diabetes mellitus. All participants provided written informed consent and the study was
approved by the local regional ethics committee (De Videnskabsetiske Komiteer for Region
Hovedstaden).
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Figure1: Averaged pure tone hearing thresholds for the left and the right ear across frequncies (125
Hz to 8kHz) for the twenty-four included hearing-impaired participants. Error bars show the standard
deviations of the mean.

Auditory stimuli
Everyday Danish sentences from the hearing in noise sentence test (HINT) (Nielsen et
al., 2009) were presented in a spatial setup with five loudspeakers in a sound proof
measurement booth, as shown in Fig. 2. The target sentences were spoken by a male talker
and presented from the loudspeaker located at 0 degree azimuth. All sentences contain
five words, 8-9 syllables are included in each sentence and single words do not contain
more than four syllables (Nielsen et al., 2009). An example sentence is: “Filmen er rigtig
godt lavet” (translation: “the movie was well made”). Sentence duration was on average 1.4
seconds. Listeners were presented with a training list of 20 sentences for each masker type,
followed by eight lists of 25 sentences for every SNR. In order to cover the large amount of
test conditions, the sentence material was re-used across four experimental visits. Recent
research assessed possible learning effects due to repeated exposure to HINT sentences
across three experimental visits with a gap of three weeks in between visits. The results
showed that memory effects for the sentence material are not significant with limited
exposure when the sentences were only presented once at each visit (Simonsen et al.,
2016). The experimental visits in the current study were at least three weeks apart, and
identical sentence material was not repeated within each visit to prevent learning effects of
the speech material. Speech recognition performance was measured in the presence of a
stationary noise or a 4-talker masker background. The 4-talker masker was created of four
single-talker maskers, including two different male and two different female voices. Each
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separate talker read a text passage from a newspaper and one single talker was presented
from one loudspeaker each positioned at -/+ 90 and -/+ 150 degree azimuth (Wendt et
al., 2017). We balanced the distribution of talkers across loudspeakers for each SNR by
switching the order of the talkers. There were never two talkers of the same gender next
to each other or on the opposite position of each loudspeaker. For each trial, the masker
started 3 seconds prior to the presentation of the sentence, and ended 3 seconds after the
sentence offset. The participant repeated the sentence aloud once the masker stopped. The
same presentation procedure was applied for both masker types. The long-term average
frequency spectrum of both masker types was made identical to the spectrum of the target
speech signal, and the masker was always presented at 70 dB SPL. The masker levels were
kept constant to ensure that the noise would not become too loud at low SNRs. Changing
noise levels might also allow the listeners to estimate the upcoming task difficulty. The same
SNR range was chosen for both masker types. We included a large range of positive SNRs,
as previous findings suggested that typical, ecological sound environments for hearingimpaired listeners take place at SNRs of approximately +5 dB or better (Festen et al., 1990;
Ohlenforst et al., 2017a; Smeds et al., 2015; Wu et al., 2014; Zekveld et al., 2014). Speech
masked with the stationary masker and the 4-talker masker was presented at eight SNRs
between -12 dB and +16 dB, distributed in steps of 4 dB. Per masker type, 25 sentences were
presented for each SNR.

Figure2:Spatial loudspeaker setup as used in Wendt et al., 2017. Target speech was presented from

the front. Masker signals were presented at 90, 150, 210 and 270 degree azimuth. The stationary
noise masker was presented as four individual point sources. For the four-talker one single talker was
presented from one loudspeaker each.

Noise reduction scheme
All participants were wearing an identical model of hearing aids during the sentence
recognition test, which were examined in the same two different settings. In one setting
the noise reduction scheme was turned off, but the hearing aid provided audibility based
on each individual hearing threshold, via the Voice Aligned Compression (VAC) rationale (Le
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Goff, 2015). The VAC amplification rationale is based on a wide dynamic range compression
scheme with compression knee points between 20 and 50 dB SPL depending on the
frequency range and the individuals hearing thresholds. The hearing aid was set to mimic
the natural acoustic effect of the pinna, meaning that the microphone setting was close
to omnidirectional and no actual noise reduction was applied. The other setting resulted
by turning the noise reduction scheme on. In that case a fast-acting combination of a
minimum variance distortion-less response (MVDR) beam-former (Kjems et al., 2012) and
a single-channel Wiener post-filter (Jensen et al., 2015) was applied before the VAC. In the
algorithm, spatial filtering and wiener filtering was applied to attenuate interfering sounds
coming from the back of the listener.

Pupillometry
During the experiment, the pupil location and the pupil size were recorded by an eye tracking
system by SensoMotoric Instruments (SMI, Berlin, Germany, 2D Video-Oculography, version
4), which applies infrared video tracking to measure the pupil diameter. The eye-tracking
system had a sampling frequency of 120 Hz and a spatial resolution of 0.03 mm. The pupil
location and the pupil size were recorded by the eye tracker and stored at a connected
computer, including time stamps corresponding to the start of each trial, including the
masker onset, the sentence onset and the offset for the post-masker. The experimenter
monitored the pupil recordings and applied corrective actions. In case the participant
moved the head or upper body or the real-time pupil recordings showed missing data in the
pupil diameter, corrective actions were applied, such as the adjustment of the participants
position, the distance to the eye tracker, or light adjustment.

Procedure
For 17 adults from the Eriksholm pool of participants, with recent pure tone audiogram
data and recently made ear impressions (less than 6 month old), four experimental visits
were required. We recruited 8 additional participants, for whom an extra recruitment
visit (in total five visits) was required to measure the pure tone audiogram and to take
ear impressions. In total, four experimental visits, including two visits per masker type
were required for each participant. The visits were distributed across approximately four
months during the fall 2016 with gaps of at least three weeks in between each visit to
avoid learning effects of the sentence material as it was repeatedly used (Simonsen et al.,
2016). During the four experimental sessions, each participant sat on a fixed chair in front
of the eye tracking system in a sound proof booth. The experimenter observed a real-time
recording of the pupil response from the eye tracking system to evaluate the quality of the
pupil recording. The height of the chair and the distance to the eye tracker (55 cm +/- 5 cm
approx.) were adjusted individually until a stable, continuous pupil response was measured.
The illumination in the measurement booth was fixed during the experiment to an average
of 84.3 lux (SD = 3.56 lux). The stationary noise and the 4-talker masker were presented at
eight identical SNRs between -12 dB and +16 dB SNR, which were distributed in steps of
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4 dB. During each visit only 1 out of 2 masker types was presented at two blocks of four
randomized SNRs. For one block, the noise reduction scheme was turned on and for the
other, the noise reduction scheme was turned off. During each visit, each noise reduction
scheme setting (on versus off) was tested at four SNR levels. We balanced the SNR levels
for each visit, including two difficult and two easier SNRs (e.g. -12, -4, +4 and +12 dB SNR
or -8, 0, +8 and +16 dB SNR). We balanced the setting of the noise reduction scheme and
the presented masker types across visits and blocks. Each participant’s visit started with a
practice session in which the same noise reduction scheme setting as in the starting block
was tested for 20 sentences at an SNR of +4 dB. The practice session ensured that the
participants were confident with the experimental procedure as it may not be intuitive to
inhibit movements and blinking during the sentence presentation. A sentence was scored as
correct if all words were correctly repeated.

Pupil data selection and cleaning
Pupil diameter values more than 2 standard deviations from the mean pupil diameter of
a given trial were defined as blink. Pupil traces with more than 25% of blinks between the
start of the baseline (last second of pre-noise before sentence onset) and the end of the
post-masker were excluded from the data analysis. For pupil traces with less than 25% of
blinks, blinks were interpolated linearly, starting 5 samples before and 7 samples after each
blink (Siegle et al., 2008). The pupil response within each selected and de-blinked trace was
smoothed by a 9-point moving average filter. The reference of the task evoked pupil dilation
was the baseline, which corresponds to the average pupil diameter recorded during the final
second of the three second presentation of the masker, before target speech onset. The PPD
was calculated as the maximum pupil dilation between the onset of the sentence and the
offset of the noise relative to the baseline pupil diameter for every trace (one pupil trace
was recorded per sentence). For each participant and for each condition, all the included
de-blinked and smoothed traces ( ≤25) were time-aligned and averaged. For each SNR
condition at least 18 valid pupil traces (n=25 traces in total) with less than 25% of blinks
were required per participant to consider the pupil data for statistical analysis. Eighteen
participants had the required number of valid pupil traces for each of the 32 test conditions.
Six participants had less than 18 valid pupil traces for at least one test conditions and two
participants had missing data (< 18 valid pupil traces) at 3 test conditions. We calculated
an average pupil trace across all valid pupil traces per SNR condition and per subject. The
mean PPD was calculated based on the averaged pupil trace and provided the data for the
statistical analysis per SNR and participant.

Statistical analyses
Pupil data selection and cleaning was applied to pupil data from 24 participants (50%
female). One participant had to be excluded due to unexpected attention problems. We
measured 800 pupil traces during the experimental sessions (excluding the practice traces)
per participant and on average, 38 (SD=12.92) pupil traces were excluded per person. The
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corresponding sentence recognition scores for all 800 measured traces were included in
the statistical analysis.
We applied linear mixed models (LMM) to analyze the data as LMM’s tolerate missing
values, while repeated measures ANOVA only use complete cases contrary to multilevel
analyses. Moreover, mixed-effects models are more flexible in dealing with the multilevel
structure of the data (i.e. the 8 different SNRs and the 2 different hearing aid settings).
We averaged over 25 sentences to obtain one ‘observation’ under each hearing aid setting
and listening condition (SNR and masker type), which is commonly done in pupillometry
research (Koelewijn et al., 2012; Koelewijn et al., 2014; Ohlenforst et al., 2017a; Zekveld et
al., 2011). A linear mixed-effects model was built in R-studio using the packages lme4 (Bates
et al., 2014) and lmerTest (Kuznetsova et al., 2016). The function lmer was applied to fit
LMM to the data. First, we applied a 3-way LMM ANOVA for statistical comparison of the
fixed effects of masker types, SNR and noise reduction setting separately on the PPD and
the sentence recognition performance to verify the hypothesis that the masker type and the
SNR range would have an impact on speech recognition performance and the corresponding
listening effort. The probability level for each LMM ANOVA was p< 0.05. We did not find a
significant 3-way interaction on the PPD but a significant interaction between SNR and noise
reduction scheme setting. The model was collapsed across masker types and an additional
2-way LMM ANOVA was applied to assess the effect of SNR and noise reduction scheme
setting and the corresponding interaction on the PPD.
The three-way interaction between masker type, SNR and noise reduction scheme setting
on sentence recognition performance was significant. We created two additional separate
LMM ANOVAs to test the effect of SNR for each masker type independently (stationary noise
and 4-talker masker) on percent-correct sentence recognition. In those models the averaged
percentage correct sentence recognition scores for each SNR were treated as dependent
measures with participants as the repeated measure and therefore the random effects.
The fixed effects in each separate LMM ANOVA were the categorical variable SNR, the
categorical variable noise reduction scheme setting and the interaction between SNR and
noise reduction scheme setting. We included the random effect of SNR and noise reduction
scheme as random slope of SNR, to allow each participant to have their own mean PPD size
and their own effect of SNR or noise reduction scheme on PPD with both factors nested
within participants. The phia package, including the testInteractions functions was used to
apply a post-hoc interaction analysis. Pairwise comparisons for the noise reduction scheme
setting (on versus off) at each SNR level was carried out. The pairwise post-hoc analysis was
separately applied for both outcome measures (PPD and sentence recognition performance)
and a p-value correction according to the Holm method was applied to correct for multiple
comparisons.
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5.3 Results
Sentence recognition data
The results are displayed in Figure 3 and 4. Figure 3 shows the sentence recognition scores
across the range of SNRs for the stationary noise masker for the noise reduction scheme
on (solid, gray curve) versus off (dashed, gray curve). In Figure 4, the sentence recognition
scores for the 4-talker masker are shown for the noise reduction scheme on (solid, gray
curve) versus off (dashed, gray curve). Error bars represent the standard error of the mean.
We applied a 3-way linear mixed model (LMM) ANOVA, including noise reduction scheme,
SNR and masker type as fixed factors to test the effect of all three factors on sentence
recognition. We found significant main effects of SNR (F[7,713]=1382.5, p<0.001), noise
reduction scheme (F[1,713]=524.4, p<0.001), and masker type (F[1,713]=72.9, p<0.001),
indicating that sentence recognition is affected by differences in the listening conditions (SNR
and masker type) and by the noise reduction processing algorithm. Furthermore, we found
significant interactions between SNR and noise reduction scheme (F[7,713]=93.7, p<0.001),
between SNR and masker type (F[7,713]=5.73, p<0.001) and between SNR, noise reduction
scheme and masker type (F[7,713]=2.82, p<0.01). The interaction between masker type and
noise reduction scheme was not significant. The interaction effects of masker type and noise
reduction scheme with SNR are due to the fact that largest effects were observed in the
mid-range of SNRs, while at relatively low and high SNRs, floor or ceiling effects of sentence
recognition were observed.
For the stationary noise masker, at the relatively high SNRs between +16 dB and +8 dB SNR,
participants achieved 100% sentence recognition independent of the setting of the noise
reduction scheme. With decreasing SNR (+8 dB to -8 dB), sentence recognition dropped
rapidly until the participants were not able to perform correct sentence recall at -12 dB SNR
when the noise reduction scheme was turned off. At -12 dB SNR, participants were still able
to recognize approximately 12% correct when the noise reduction scheme was turned on.
Overall, the sentence recognition curve at the level of 50% correct speech recognition was
shifted by approximately 5.5 dB (see Figure 3) towards lower SNRs when the noise reduction
scheme was turned on compared to when it was turned off. A LMM ANOVA revealed
significant main effects of SNR (F[7,345]=846.2, p<0.001) and noise reduction scheme
(F[1,345]=332.5, p<0.001), and a significant interaction between SNR and noise reduction
scheme (F[7,345]=68.8, p<0.001). We applied pairwise post-hoc comparisons between the
two noise reduction scheme setting (on versus off) at each SNR level. The post-hoc analysis
revealed significant differences between both noise reduction scheme settings at -12 dB, -8
dB, -4 dB and 0 dB SNR (indicated by gray diamonds for p<0.01 in Figure 3). Holm correction
was applied to correct for multiple comparisons.
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Figure3: Peak pupil dilation (PPD) (black color) and percentage correct sentence recognition scores

(gray color) on the right y-axis across signal-to-noise ratios (SNRs) for the stationary masker for noise
reduction scheme on versus off. Error bars represent the standard error of the mean. Dark gray
diamonds at -12, -8, -4, 0 and +4 dB SNR represent significant differences in sentence recognition
performance between active versus inactive noise reduction for pairwise comparison at each SNR
level (p<0.01).

For the 4-talker masker, at SNRs between +16dB and +8 dB, close to 100% sentence
recognition was achieved regardless of noise reduction settings. The overall performance
curve was shifted by approximately 5.1 dB towards lower SNRs when the noise reduction
scheme was turned on compared to when it was turned off. Applying a LMM ANOVA, we
found significant main effects of SNR (F[7,345]=617.3, p<0.001) and noise reduction scheme
(F[1,345]=223.8, p<0.001) and a significant interaction between SNR and noise reduction
scheme (F[7,345]=36.2, p<0.001). We performed pairwise post-hoc comparisons between
the two noise reduction scheme setting (on versus off) at each SNR level. Significant
differences in sentence recognition performance between both noise reduction scheme
settings revealed at -8 dB, -4 dB, 0 dB and +4 dB SNR (indicated by gray diamonds for p<0.01
in Figure 4). Multiple comparisons were accounted for by applying Holm correction.
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Figure4: Peak pupil dilation (PPD) (black color) and percentage correct sentence recognition

scores (gray color) on the right y-axis across signal-to-noise ratios (SNRs) for the 4-talker masker for
noise reduction scheme on versus off. Error bars represent the standard error of the mean. Dark
gray diamonds at -8, -4, 0 and +4 dB SNR represent significant differences in sentence recognition
performance between active versus inactive noise reduction for pairwise comparison at each SNR
level (p<0.01).

Pupil data
Figure 3 shows the PPD for the stationary noise masker and Figure 4 shows the PPD for the
4-talker masker across SNRs. We tested a 3-way LMM ANOVA, including the noise reduction
scheme, SNR and the masker type as fixed factors on the PPD. We found significant main
effects of SNR (F[7,699.1]=26.82, p<0.001), noise reduction scheme (F[1,699.1]=25.34,
p<0.001), and masker type (F[1,699.1]=21.37, p<0.01), and a significant interaction
between SNR and noise reduction scheme (F[7,699.1]=9.97, p<0.01). There was no
significant interaction between masker type and SNR or masker type and noise reduction
scheme. The interaction effect between SNR and noise reduction scheme suggests that the
SNR-dependency of the PPD is different when noise reduction scheme is on vs. off. One
additional LMM ANOVA model, in which we collapsed across the level of masker type, was
built. We did not test two separate models for each masker type as done for the sentence
recognition performance. The reason for applying a 2-way LMM ANOVA that does not
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differentiate between masker types is that the interaction between SNR, noise reduction
scheme setting and masker type was not significant. The 2-way LMM ANOVA revealed a
significant main effect of noise reduction scheme setting (F[1,715.05]=25.08, p<0.001), a
significant main effect of SNR (F[7,715.07]=25.94, p<0.001) and a significant interaction
between noise reduction scheme setting and SNR (F[7,715.05]=9.72, p<0.001) on the PPD.
Pairwise post-hoc comparisons between the two noise reduction scheme setting (on versus
off) was applied at each SNR level. Significant differences between both noise reduction
scheme settings were found for the PPD measured at -8 dB, -4 dB, 0 dB and +4 dB SNR. Holm
correction was applied to correct for multiple comparisons.
Figure 3 shows the averaged PPD across SNRs for the stationary noise masker for the noise
reduction scheme activation (black, solid line) and the noise reduction scheme off (black,
dashed line). The PPD plateaued for relatively high SNRs between +16 to +8 dB where high
performance was reached, independent of the noise reduction scheme setting. When the
noise-reduction scheme was turned off, with further decreasing SNR, a steady increase of
PPD resulted until a maximum PPD was measured at -4 dB SNR. The corresponding sentence
recognition was at approximately 38% correct. The maximum PPD was shifted by 4 dB
towards lower SNRs when the noise reduction scheme was turned on, and this maximum
corresponded to approximately 52% correct sentence recognition. At the lowest SNR of -12
dB relatively lower PPDs resulted for both noise reduction scheme settings.
Figure 4 shows the PPD across SNR for the noise reduction scheme on (black, solid curve)
versus off (black, dashed curve) for the 4-talker masker condition. The PPD measured for
the high SNRs between +16 dB and +8 dB was overall consistent, but larger for the noise
reduction scheme off versus when it was turned on. Further decreasing SNRs resulted in
continuously increasing PPD until a maximum PPD was reached between -4 dB and 0 dB SNR
when the noise reduction scheme was off and between -8 and -4 dB SNR when the noise
reduction scheme was turned on. The range of maximum PPD was shifted by approximately
4 dB towards lower SNRs when the noise reduction scheme was turned on versus when it
was turned off.

Results summary
The preceding statistical analyses support the following summary of the results: The effect
of the noise reduction scheme applied in this study on sentence recognition was to shift
the performance function across SNRs by approximately 5.5 dB for the stationary masker,
and by approximately 5.1 dB for the 4-talker masker, towards lower SNRs. For both masker
types, the effect of the noise reduction scheme on listening effort (as measured by PPD)
was to shift the peak of the PPD function across SNRs by approximately 4 dB towards lower
SNR. In addition, in the case of the 4-talker masker, noise reduction scheme lowered the
average PPD by approximately 35% compared to inactive noise reduction scheme. The beta
estimates on the sentence recognition performance scores and the PPD for each SNR level
can be found in Appendix C.
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5.4 Discussion
In the present study, the effect of a noise reduction scheme on sentence recognition and
PPD was examined across a range of SNRs for two masker types. For both masker types, the
noise reduction scheme had a large beneficial effect on sentence recognition, which was
accompanied by a corresponding effect on listening effort, as indicated by the PPD.

Relation between noise reduction, SNR and speech recognition
For the stationary and the 4-talker masker, sentence recognition performance was
significantly improved when the noise reduction scheme was active versus when it was
inactive. The results showed improved sentence recognition for performance levels around
50% and higher, but also for lower sentence recognition performances. Notably, sentence
recognition was mainly improved across a large range of negative SNRs between 0 dB and
-12 dB. The findings from the present study confirm and extend previously shown benefits
of a noise reduction scheme on sentence recognition around 50% correct performance
(Wendt et al., 2017) as well as at higher and lower performance levels. Additionally, the
present study confirmed that the currently tested noise reduction scheme can significantly
improve speech intelligibility in very challenging sound environments. Hence this might
allow hearing-impaired listeners to participate in communication situations that might
otherwise be impossibly challenging.

Relation between noise reduction, SNR and PPD
In line with recent research (Ohlenforst et al., 2017a; Zekveld et al., 2014), the present results
confirm that changes in speech recognition are accompanied by changes in PPD. We found
a maximum PPD for SNRs producing approximately 50% correct sentence recognition and
relatively smaller PPDs at very low and very high SNRs. The indication that listening effort
follows an inverted U-shape across a range of SNRs also supports findings from a recent
study (Wu et al., 2016), where dual-task paradigms were applied to assess listening effort
across a wide range of SNRs. Wu et al. found that second-task performance (reaction time)
was worst (i.e. longest) around SNRs for 30-50% speech recognition, and better at both lower
and higher SNRs. The change of the PPD function at positive SNRs, when percent correct
sentence recognition is saturated, might be affected by the type of speech material used
for the sentence recognition test. That is as the difficulty of the speech material can change
the transfer function. The transfer function of the speech intelligibility index is modifiable
depending on the tested sentence material and more difficult speech material can change
the transfer function. In other words, the transfer function at positive SNRs might already
be saturated for speech intelligibility index values that are not at the level of saturation.
However, we designed this experiment on purpose to end up at ceiling performance and at
very positive SNRs ceiling performance will be reached anyway, regardless of the presented
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speech material.
The statistical analysis on the PPD revealed that the level of SNR and the noise reduction
scheme setting significantly affect the PPD. The results did not suggest that the PPD, as
indication of listening effort during speech recognition, is altered by the type of background
masker. The null-effect of masker type on the PPD is in contrast to previous pupillometry
studies, showing that speech recognition and the PPD changed depending on the masker
type (Koelewijn et al., 2012; Koelewijn et al., 2014). The application of neural speech tracking
in different sound environments underlined that multi-talker sound scenarios are especially
for hearing-impaired listeners problematic (Borch Petersen et al., 2017). The researchers
suggest that hearing-impaired listeners seem to track the entire auditory scene, including
target and masking speech in multi-talker environments. Hearing-impaired listeners seem
to have difficulties to neurally inhibit the masking speech, which could relate to the often
reported difficulties with speech intelligibility in multi-talker sound scenarios (ShinnCunningham et al., 2008). The noise reduction scheme activation in the present study
grants better speech recognition performance by improving the SNR conditions for the
hearing-impaired listeners. Better SNR conditions might allow better inhibition of interfering
information which is may be reflected by the main effect of noise reduction processing on
the PPD.
One strength of the present study is the replication of previous findings, showing a beneficial
effect of a noise reduction scheme in hearing aids on sentence recognition and the PPD
(Wendt et al., 2017). Several factors that were kept constant between both studies. In both
studies, the same noise reduction scheme was tested during a sentence recognition task
with identical stimulus material (HINT sentences in a 4-talker masker). Also, a large number
of listeners (n=17) that participated in the study by Wendt et al., (2017) were repeatedly
tested in the present study. Both studies accommodate the field of hearing research and
listening effort with new valuable knowledge by showing possible benefits of a noise
reduction scheme for hearing-impaired listeners wearing hearing aids.

5

5.5 Conclusion
The present study demonstrates that a noise reduction scheme in commercial hearing aids
can reduce the effort required during speech recognition in stationary noise and a 4-talker
masker. For both maskers, noise reduction processing resulted in a shift of the performance
(sentence recognition) function towards lower (more challenging) SNRs, and a corresponding
shift of the PPD function. For the 4-talker masker, on top of the speech recognition-related
reduction in PPD, a main effect of noise reduction processing on the PPD was found. This
may indicate that cognitive processing load and some aspects of listening effort may be
reduced, independent of the SNR. The results also confirm previous findings by showing
that for hearing-impaired listeners using hearing aids during speech recognition, listening
effort changes in a non-monotonic way as a function of SNR. This knowledge is essential for
future research in the field of listening effort and for the hearing aid industry to improve the
development of better hearing aid algorithms.
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Chapter 6

General discussion

Summary and conclusion
Communication is important in our daily life as it supports relationships between people
and as it facilitates the spread of knowledge and information. Many complex sound
environments, such as noisy restaurants, bars or traffic noise make a conversation often
difficult and effortful. Even normal-hearing listeners have to concentrate and make an effort
to follow a conversation. Peoples hearing ability plays a major role in daily life communication
situations, especially when the auditory input is altered by hearing impairment. In
particular, hearing-impaired listeners often report difficulties understanding speech in
background noise and that listening is very hard, tiring, effortful or stressful even when
audibility is provided (Kramer et al. 1997; Nachtegaal et al. 2009; Pichora-Fuller, Johnson,
and Roodenburg 2009). Hearing-impaired listeners have to spend more effort in order to
reach the same speech recognition performance than normal-hearing listeners (Koelewijn
et al. 2014). For many years, traditional audiometric measures, assessing a listener’s hearing
and speech recognition abilities or the benefit from hearing aids, have been applied as a
gold standard. Traditional speech recognition measures are not sensitive enough to reflect
changes when performance is at floor or ceiling. By assessing listening effort, challenges in
processing speech understanding can be revealed that do occur due to hearing impairment,
but would not have been covered with traditional measures. The research presented in this
thesis is set to investigate the impact of stimulus related factors, such as SNRs or masker
types and individual factors, such as the listener’s hearing and cognitive abilities, that may
alter listening effort during speech perception. This chapter summarizes and discusses the
most important findings of this dissertation and broader implications for hearing impaired
listeners in daily life communication situations will be discussed.

Summary of results
Taken together, the findings of the research presented in this dissertation suggest that
the listener’s individual abilities, such as their hearing ability, their cognitive and linguistic
abilities together with external factors, such as SNR, masker type or hearing aid processing
determine speech recognition performance and correspondingly, listening effort.

Recent evidence on the effect of hearing impairment and hearing aid amplification on listening effort
In Chapter 2, the aim of the study was to investigate whether hearing impairment increases
listening effort during speech perception. Secondly, I aimed to clarify whether hearing aids,
traditionally applied to rehabilitate from hearing loss, can actually help to reduce listening
effort. These two questions were investigated through a systematic literature review on the
existing evidence regarding the effect of hearing impairment and hearing aid amplification
on listening effort. It was problematic to compare the results directly as they originated from
studies with different motivations and research questions. Consequently a great diversity
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of tasks and test modalities was applied, which illustrates the immaturity of methods to
assess listening effort. In summary, evidence obtained by the review indicates that hearing
impairment increases listening effort. It was possible to identify scientific evidence across
studies that indicated that hearing aid amplification can help to reduce listening effort. In
general, research on listening effort is still in a developmental stage, aiming for the most
applicable and realistic measurement methods and better understanding of the concept
of listening effort. Additional high quality research is required to strengthen the evidence.

The impact of stimulus-related factors and hearing impairment
on listening effort
Scientific evidence, retrieved by the systematic review (described in Chapter 2), indicates
that hearing impairment increases listening effort. However, this finding was only reliably
confirmed by findings based on EEG measures, as the only one type of physiological
measurement methods. Reliable conclusions and more research is needed to confirm
current findings and to identify the components of listening effort.
The studies described in Chapter 3 and 5 were designed to investigate the relationship
between a listener’s hearing ability, a broad range of SNRs for different masker types
(stationary noise, single-talker and 4-talker masker) on speech recognition performance and
the corresponding pupil response. The motivation to include a large range of SNR levels in all
our experimental studies was based on a number of factors. Recent pupillometry research
has shown a relationship between the pupil response and speech recognition at fixed
performance levels between 50% and 85% correct performance (Zekveld et al. 2010, 2011;
Koelewijn et al. 2012, 2014; Wendt et al. 2016). It was suggested that listening effort may
still change at positive SNR levels where speech recognition performance is high (Wendt
et al. 2016; Wu et al. 2016). A possible explanation could be that the processing of speech
information may require less effort at SNR levels exceeding 100% correct performance.
It was furthermore suggested, that the relationship between listening difficulty and
listening effort also depends on the listener’s motivation (Pichora-Fuller et al. 2016) and
success importance (Richter 2016). The motivation intensity theory has demonstrated the
combined effect of task difficulty and success importance on effort (Richter et al. 2012; Silvia
2012; Barreto et al. 2015). The moderating effect of success importance and the interplay
between listening demand and listening effort was recently demonstrated when effortrelated cardiovascular reactivity was measured in an auditory discrimination task (Richter
2016). High cardiovascular reactivity resulted when the reward or success importance was
high, while low reactivity resulted when the reward and success importance was low. The
level of success importance or reward was found to be crucial in conditions of high listening
demands (Richter 2016). A recent pupillometry study investigated listening effort across a
wide range of listening conditions by measuring the pupil response for speech recognition
masked by interfering speech across an intelligibility range from 0% to 99% correct (Zekveld
& Kramer 2014). Even though the study provided evidence across a range between difficult
and easy listening conditions only four intelligibility conditions were tested. The researchers
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focused mainly on examining the pupil response in conditions that are assumed to impose
high processing load for normal-hearing listeners. However, is was not assessed how
different SNR levels across the whole psychometric function would look like when listeners
are hearing-impaired. The differences in the pupil response at fixed intelligiblity levels
between listeners and the lack of pupil response data corresponding to a range of listening
conditions for hearing-impaired listeners motivated us to further investigate the pupil
response across a large, detailed range of SNR levels to provide an extended perspective on
factors that modulate listening effort.
A broad range of SNRs was tested for each masker type to cover sentence recognition
performance varying from 0% to 100% correct, including a range of SNRs typical of everyday
life listening conditions. The design choice to include different masker types throughout the
experimental studies was based on scientific research suggesting that speech recognition
performance and the corresponding pupil response may vary depending on the type of
background masker (Koelewijn et al. 2012, 2014; Zekveld et al. 2011; Wendt et al. 2016).
Larger pupil response were measured during speech processing in a single-talker masker
condition, compared to a fluctuating noise masker (Koelewijn et al. 2012b, 2014) and
compared to a stationary noise masker (Koelewijn et al. 2012a). The impact of noise and
noise reduction processing during speech recognition in a 4-talker babble masker and a mix
of unmodulated speech-shaped noise and a 4-talker babble masker was recently shown my
means of speech recognition performance and the pupil response (Wendt et al. 2017). The
above described findings suggest that participants might need to expend more listening
effort to maintain similar intelligibility performance when dealing with an additive interfering
effect of speech information from a masker compared to more energetic masker types.
The a-priori knowledge on the effect of different background maskers on effort motivated
us to include different masker types in our experiments to investigate whether and how
speech recognition and the pupil response would change across the whole psychometric
function depending on the masker type. We expected differences in the pupil response and
in particular larger pupil responses for the single-talker and the 4-talker masker compared
to stationary noise masker condition. The analysis of the outcomes from our experimental
studies was separately carried out for each masker type as scientific evidence suggested
differences in speech recognition and the pupil response depending on the masker type.
Hearing-impaired listeners and a group of age matched normal-hearing listeners participated.
The results suggest an interactive effect between a listener’s hearing ability and the SNR
level on the pupil response for both masker types. The comparison between listener groups
revealed a different pattern of the pupil response distributed across SNRs. Differences in
the pupil response depending on the listener’s hearing ability suggest that listening effort
and the allocation of listening effort during speech recognition in everyday life is affected by
hearing impairment.

The impact of cognition and language skills on listening effort
Empirical evidence seems to suggest an association between the listener’s working memory
130

capacity and their speech recognition performance in background noise (Larsby et al. 2005;
Füllgrabe et al. 2015; Füllgrabe and Rosen 2016a; Ohlenforst et al. 2016). A number of
studies suggested that better cognitive abilities might be associated with a larger pupil size
during speech recognition in background noise, especially when the listening conditions are
difficult (Koelewijn et al., 2012b; Kuchinsky et al. 2016; Wendt et al., 2016; Zekveld et al.,
2011; Zekveld & Kramer, 2014). In particular, hearing impaired listeners with better linguistic
closure abilities were associated with larger PPDs during speech recognition, compared to
listenes with lower linguistic closure skills (Zekveld et al. 2011). Those findings are in line with
the ELU model (Rönnberg et al. 2008, 2010, 2013), suggesting that more cognitive capactiy,
which might be refleced by larger pupil response, is required during speech processing in
difficult listening conditions. It seems to be locigal to assume that better congitive abiltiies
might grant better speech recognition performance at a cost of higher listening effort.
However, a number of studies did not find that better cognitive abilties were associated
with a larger pupil size (Koelewijn et al. 2014b; Zekveld et al. 2013; Zekveld et al. 2014b) or
even the opposite effect was found (Ahern & Beatty, 1979, 1981; Koch & Janse, 2016; Wendt
et al., 2017). There is evidence suggesting that individual variations in working memory
capacity may only explain insignificantly small amounts of variance in speech recognition
performance when listeners were young and of normal hearing (Füllgrabe and Rosen,
2016b; Zekveld et al. 2011). Drawing a conclusion on the effect of cognition on listening
effort at this point is tricky as evidence is contradictory.
The experimental study in Chapter 3 indicated differences in speech recognition performance
and the pupil response depending on the listener’s hearing ability. We assumed that those
differences could partly be explained by the listener’s cognitive abilities, which we tested
in Chapter 4. With the experimental study in Chapter 4 we aimed to clarify how cognitive
abilities, including working memory capacity, inhibition and linguistic closure are associated
to speech recognition performance and the corresponding pupil dilation response. For the
hearing-impaired and normal-hearing listeners that participated in the study described in
Chapter 3, working memory capacity and inhibition of interfering information and linguistic
closure were examined and described in Chapter 4. It was hypothesized that better cognitive
or linguistic abilities would result in better speech recognition performance and larger taskevoked pupil responses and that hearing-impaired listeners would depend more on their
cognitive resources than normal-hearing listeners (Koelewijn et al. 2014, 2012b; Zekveld
et al. 2011; Füllgrabe and Rosen, 2016b; Larsby et al. 2005). I assumed that listeners with
larger working memory capacity (Van den Meer et al. 2010; Grady, 2012; Koelewijn et
al. 2014, 2012b) and better linguistic closure skills (Zekveld et al. 2011) might be able to
allocate more cognitive resources to the task and consequently show larger task-evoked
PPDs compared to listeners with smaller cognitive abilities. I hypothesized furthermore
that the influence of cognitive abilities or linguistic closure abilities would be altered by the
SNR condition, such that better cognitive and linguistic abilities would result in relatively
large pupil responses at low SNRs (Zekveld and Kramer, 2014). The results show in line with
previous findings, that normal-hearing and hearing-impaired listeners with better cognitive
abilities show better speech recognition performance and larger pupil responses (Koelewijn
et al. 2014; Zekveld, Kramer, and Festen 2011). High cognitive skills, including high working
memory capacity, good abilities to inhibit interfering information and good language closure
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skills may allow the listener to expend more cognitive resources on task performance in
challenging conditions. The ability to focus on the target speech and simultaneously to
inhibit masking information and to keep the auditory information in mind might be thought
of like ‘noise reduction’ in the human auditory system. Better cognitive and linguistic skills
may support a more aggressive ‘noise reduction’ system that allows the listener improved
speech recognition performance. It is however effortful to expend an extensive amount of
cognitive resources, which is presumably reflected in a larger pupil dilation response.
The impact of noise reduction processing in commercial hearing aids on listening effort
Chapter 5 explored the impact of a noise reduction scheme in commercial hearing aids on
speech recognition performance and the pupil dilation measure as indication of listening
effort. I examined how these two measures vary across a broad range of SNRs for a
stationary noise and a 4-talker masker background. The noise reduction scheme was either
set to be active or inactive in the hearing aids, and was tested on a group of experienced
hearing aid users. Next to improved speech recognition performance, it was hypothesized
that the hearing aid processing may reduce listening effort for the hearing impaired listener.
Results from 24 hearing-aid users showed that the noise reduction scheme improved
speech recognition performance in noise and a shift of the PPD to lower (more difficult)
SNRs.The results suggest for the 4-talker masker that the noise reduction scheme provided
a benefit on listening effort (as measured by pupil dilation) beyond that associated with
speech recognition. The study described in Chapter 5 addresses an important question in
audiology and hearing research. More sophisticated and comprehensive outcome measures
of the possible benefit from hearing aid algorithms need to be formed. Measuring pupil
response during speech recognition performance, as an indication of listening effort,
provides a promising supplement to traditional speech reception accuracy measures. The
research presented in the current dissertation provides comprehensive evidence for a better
understanding of the characteristics of the pupil dilation measure, particularly with respect
to the effects of noise and noise management algorithms.

What can we learn from the current results?
At the time of writing, this dissertation provides the most comprehensive data set on speech
recognition performance and corresponding listening effort measures across a broad range
of listening conditions. The range of conditions tested and presented within this dissertation
is of great value as it provides information on the allocation of effort for a large range of speech
intelligibility conditions from impossible to very easy speech recognition. Several major
conclusions can be drawn with respect to the overall research questions, namely whether
hearing impairment and hearing aid amplification have an impact on speech recognition
and listening effort. The current findings suggest that hearing impairment influences the
allocation of listening effort, as indicated by the PPD , confirming outcomes from earlier
research (Koelewijn et al. 2014; Koelewijn, Zekveld, Festen, and Kramer 2012; Kramer et
al. 1997; Zekveld, Kramer, and Festen 2011). The relationship between listening effort and
the listener’s hearing ability is however not straight forward. The FUEL framework (PichoraFuller et al. 2016) suggests that listening effort is related to the demands of the listening
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situation, the listener’s hearing ability and the listener’s motivation to perform the task. The
task demands were modulated by varying the SNRs and masker types in the experiments. By
measuring speech recognition and the corresponding task evoked pupil response, listening
effort was estimated. The estimation of the listener’s motivation is however more complex
especially as motivation was not specifically measured in the experiments. The PPD function
across SNRs showed a similar bell-shaped pattern in the studies presented in Chapter 3 and
5, which may provide an explanation of the listener’s motivation and how motivation may
change with changing task demands. At the range of very positive SNRs, speech recognition
performance was high and PPDs were small and somewhat constant, indicating low listening
effort. With decreasing SNRs, intelligibility decreased and the corresponding PPD increased
rapidly. The listeners were presumably motivated to keep up their high performance
in speech recognition and expended an increased amount of effort. The PPD functions
showed - independent of the masker type or the listener’s hearing ability - a maximum
at an SNR corresponding to approximately 50% correct speech recognition performance.
This maximum in the PPD might indicate that most effort is invested at listening conditions
that allow the listener to understand half of the presented speech correctly. The transition
region between high and low speech intelligibility might trigger the listener’s motivation in
an way that keeps them trying as they might feel that investing intense effort is still fruitful
(Richter 2016; Eckert, Teubner-Rhodes, and Vaden Jr 2016). When speech recognition
becomes impossible and approaches zero, the corresponding pupil response drops as well.
The listener might decide that the investment of intense effort brings no further reward and
that high speech recognition performance cannot be maintained. There are three major
conclusions that should be taken from these findings. First, the measuring across a large
range of SNRs is essential to draw conclusion on the allocation of effort across different
listening conditions. This is especially important when drawing conclusions on the everyday
life of listeners, where sound environments vary constantly. Secondly, the allocation
of effort during listening in daily life may differ between normal-hearing and hearingimpaired listeners. Both groups of listeners showed maximum PPDs at certain SNR levels,
indicating that the ability to invest intense effort does not depend on the listener’s hearing
ability. The maximum PPD for hearing-impaired listeners is presumably shifted towards
more positive (easier) SNR conditions, compared to normal-hearing listeners. Finally, even
though the current findings relate to and support FUEL (Pichora-Fuller et al. 2016) one
cannot expect that maximum effort is always invested at 50% correct performance. Every
person has perhaps an ‘ideal working point’ at which the relationship between task reward
and task demand motivates the investment of intense effort. However, how an individual
values rewards, the importance of higher performance or other triggers such as confidence
or task instruction might have an impact on the estimate of effort.

Theoretical implications
The most important tools that listeners have to participate in social interactions during
complex communication situations is their residual hearing and their cognitive ability to
store, process and filter speech information simultaneously (Roth et al. 2011). However,
especially hearing impaired listeners need support when the communication demands
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become too difficult. Hearing aids cannot directly change the listener’s residual hearing or
cognitive abilities. What hearing aids can do is to change the sound that enters the ear by
reducing the disturbing secondary sounds to simplify the sound scene, allowing a better
focus on the primary speech sound (Sarampalis et al. 2009). Transferring the benefits of
hearing aid technologies, which are typically measured in controlled laboratory conditions
to uncalibrated daily life applications is a delicate matter. This transfer can be improved
by implicating the three major outcomes from this dissertation, in academia, the hearing
aid industry and clinical audiology. Academia should continuously provide evidence across
a broad range of listening conditions and extend commonly used SRT measures, aiming
for 50% correct speech recognition performance. Evidence closer to the listener’s daily life
environment will provide better understanding of the allocation of listening effort (Koch
and Janse, 2016; Smeds et al. 2015) and facilitate more meaningful comparisons between
different groups of listeners (Xia et al. 2015, 2016) and between signal processing algorithms
in hearing aids (Lunner and Sundewall-Thorén 2007; Neher, 2014; Neher et al. 2014; Ng et
al. 2013, 2015; Ohlenforst et al. 2016; Wendt et al. 2017). The second major outcome of this
dissertation, namely that the allocation of listening effort depends on the listener’s hearing
ability, may not be apparent when only a few specific intelligibility levels are compared. The
hearing aid industry should implement this knowledge as a reference to improve hearing aid
processing and the assessment of their products across a broad range of listening conditions
(Le Goff, 2015). In the future, the assessment of listening effort and possible benefits from
hearing aid processing should be evaluated for the individuals’ daily life environment. Such
real life implementations require collaborations between academia and industrial partners
to transfer theoretical knowledge and overcome practical challenges . Implementing findings
from this dissertation in clinical audiology is presumably most challenging. In practice,
audiologists often have very limited time and resources for the individuals’ hearing aid
fitting and the evaluation process of different settings or algorithms. Moreover, measures of
listening effort are not commonly applied in clinical audiology. It is still not clear which type
of hearing aid processing can most effectively reduce listening effort or if the most beneficial
type of hearing aid processing depends on internal factors such as the listener’s hearing
or cognitive abilities. It is true, that research on listening effort is still in a developmental
stage. However, the inclusion of effort measures in audiology clinics can improve insights
on the allocation of effort in daily life, and could result in improved hearing aid fitting for
the individual (Pichora-Fuller and Singh, 2006). Moreover better understanding of the
relationship between the allocation of listening effort and speech understanding could help
to improve auditory training in audiology clinics or hard-of hearing organizations. Auditory
training teaches hearing-impaired listeners and their communication partners, to develop
skills for making better use of their residual hearing, to use adaptive devices and hearing
aids and therefore improve communications in daily life.
In general, I recommend that researchers in academia, the hearing aid industry and
audiologists keep the third major conclusion in mind. We cannot expect that maximum
effort, as indicated by the pupil dilation, is always invested around 50% correct performance
as individuals are triggered by different circumstances (Richter, 2016; Pichora-Fuller at al.
2016). High quality evidence and the comparability of outcome measures are essential
for the developmental stage of research on listening effort. Evidence that is comparable
across populations, experimental setups, speech and masker materials and task instructions
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may impact the results and outcome measures. This demonstrates that the perception of
listening effort is not only affected by external factors such as the listening conditions, but
it is also sensitive to internal factors such as cognition (Zekveld et al. 2011; Zekveld and
Kramer, 2014) or even emotions. Possible implications of findings within this dissertation
may be applicable beyond audiology. The association of changes in the task-evoked pupil
response may reveal insights on psychiatric disorders, such as autism, when participants
perform cognitive and emotional tasks. Further possible theoretical implications of the
current outcomes in people’s daily life could be the evaluation of computer software. The
task evoked effort with respect to data handling or computer programs could be evaluated
by means of pupillometry.
Overall, the findings within this dissertation suggest that noise reduction processing in
hearing aids can significantly improve speech intelligibility and indicate a reduction of
listening effort during sentence recognition in background noise. The data suggests that
hearing aids can support hearing-impaired listeners by allowing them to regain access to
noisy places, which were too difficult and too frustrating to participate in without hearing
aids. The knowledge provided by the current thesis is essential for future research in the
field of listening effort and for the hearing aid industry to improve the development of
better hearing aid algorithms.

Limitations of this thesis
The research presented in this dissertation has taken several approaches to help expand
traditional methods of speech reception and hearing aid benefit by the dimension of listening
effort. The current dissertation shows that pupillometry can provide reliable measures
of listening effort across different labs and participant populations. The importance of
estimating listening effort besides speech reception performance measures was verified
by obtaining differences in the allocation of effort between normal-hearing and hearingimpaired listeners and by showing that hearing aids can provide benefit even at conditions
of high audibility. The assessment of commercial noise reduction processing in hearing aids
shows furthermore that measures of listening effort have the potential to influence listener’s
daily life. However, there are various factors, which are not part of this dissertation, that are
likely to play a role in speech recognition and listening effort. First of all, the experiments were
carried out in very controlled experimental setups with calibrated test conditions. Reference
and baseline measures are certainly valuable for comparisons. However, noise reduction
processing, designed for commercial hearing aids, should ideally be validated in hearing
impaired listener’s daily life sound environments. Typical sound environments for hearingimpaired listeners were simulated by including a broad range of SNRs in each experimental
study. Nonetheless, the target and interfering masker signals were only presented from fixed
positions. This could impact the speech recognition performance and the corresponding
measures of the pupil response. The angle and location from which the background maskers
were presented might especially affect the noise reduction processing. Another factor that
might play a role in speech recognition performance and the pupil response is the adaptation
time to the tested hearing aids. The data obtained within the study described in Chapter 5
were collected from experienced hearing aid users. However, those participants had not
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been given any time to adapt to the tested hearing aid. The hearing aid users might expend
additional cognitive resources, feel excitement or uncertainty about the unknown hearing
aid. Especially the first test conditions within every experimental session might possibly be
affected by arousal. This should be taken into account when comparing data between the
study described in Chapter 3 and Chapter 5, as the hearing aid users in the later study were
trained to participate in experimental testing.

Suggestions for future research
Suggestions for future research on speech recognition and listening effort are partly guided by
the limitations, described in the previous section. The findings from this dissertation provide
essential knowledge for a better understanding of the concept of listening effort and factors
that modulate effortful listening. This knowledge should now be applied to daily life listening
situations of hearing-impaired listeners and hearing aid users. Laboratory test setups with
fixed loudspeaker positions can only partly simulate everyday life listening situations. In
everyday life, listening situations change all the time and are less predictable, which can be
expected to affect speech recognition performance and listening effort. Possible benefits
from hearing aid processing should ideally be obtained over a longer period of time. Long
term assessment of hearing aid usage can account for the adaptation process to the signal
processing and rule out effects of arousal in the pupil response. Furthermore effects of the
adaptation processes can be captured. The current pupil data might be related to changes in
the listener’s motivation to stay engaged in the listening task. However, an estimation of the
individuals motivation with respect to the listening situation could help to further improve
the understanding of the concept of listening effort.
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Appendices

Appendix A
PubMed:
#1 Hearing aid (technology)
“Hearing Aids”[Mesh:NoExp] OR “background noise”[tiab] OR “noise reduction”[tiab]
OR “hearing aid”[tiab] OR “hearing aids”[tiab]OR “hearing loss”[tiab] OR “hearing
impaired”[tiab] OR “hearing impairment”[tiab]
#2 Listening effort
“Speech Perception”[Mesh] OR “Reflex, Pupillary”[Mesh] OR “listening effort”[tiab] OR
“perceptual effort”[tiab] OR “speech perception”[tiab] OR “speech discrimination”[tiab]
OR”speech understanding”[tiab] OR “auditory stress”[tiab] OR “auditory fatigue”[tiab]
OR “listening fatigue”[tiab] OR “cognitive load”[tiab] OR “Speech Acoustics”[tiab]
OR “Speech Intelligibility”[tiab] OR “Pupillary reflex”[tiab] OR “ease of listening”[tiab]
OR”Memory”[Mesh:NoExp] OR memory[tiab]
EMBASE.com:
#1 Hearing aid (technology)
‘hearing aid’/de OR’background noise’:ti,abOR ‘noise reduction’:ti,ab OR ‘hearing aid’:ti,ab
OR ‘hearing aids’:ti,abOR ‘hearing loss’:ti,abOR ‘hearing impaired’:ti,ab OR ‘hearing
impairment’:ti,ab
#2 Listening effort
‘speech perception’/exp OR ‘pupil reflex’/exp OR’listening effort’:ti,ab OR ‘perceptual
effort’:ti,ab OR ‘speech perception’:ti,ab OR ‘speech discrimination’:ti,ab OR’speech
understanding’:ti,ab OR ‘auditory stress’:ti,ab OR ‘auditory fatigue’:ti,ab OR ‘listening
fatigue’:ti,ab OR ‘cognitive load’:ti,ab OR ‘Speech Acoustics’:ti,abOR ‘Speech
Intelligibility’:ti,ab OR ‘Pupillary reflex’:ti,ab OR ‘ease of listening’:ti,ab OR’memory’/de OR
memory:ti,ab
Cinahl:
#1 Hearing aid (technology)
(MH “Hearing Aids+”) OR (MH “Auditory Brain Stem Implants”) OR TI (“background noise”
OR “noise reduction” OR “hearing aid” OR “hearing aids” OR “hearing loss”OR “hearing
impaired” OR “hearing impairment”) OR AB (“background noise” OR “noise reduction”
OR”hearing aid” OR “hearing aids” OR “hearing loss”OR “hearing impaired” OR “hearing
impairment”)
#2 Listening effort
(MH “Speech Perception”) OR (MH “Reflex, Pupillary”) OR (MH “Memory”) OR TI (“listening
effort” OR “perceptual effort” OR “speech perception” OR “speech discrimination”
OR”speech understanding” OR “auditory stress” OR “auditory fatigue” OR “listening fatigue”
OR “cognitive load” OR “Speech Acoustics”OR “Speech Intelligibility” OR “Pupillary reflex” OR
“ease of listening” OR memory) OR AB (“listening effort” OR “perceptual effort” OR “speech
perception” OR “speech discrimination” OR”speech understanding” OR “auditory stress”
OR “auditory fatigue” OR “listening fatigue” OR “cognitive load” OR “Speech Acoustics”OR
“Speech Intelligibility” OR “Pupillary reflex” OR “ease of listening” OR memory)
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#1 Hearing aid (technology)
DE “Hearing Aids” OR TI (“background noise” OR “noise reduction” OR “hearing aid” OR
“hearing aids” OR “hearing loss”OR “hearing impaired” OR “hearing impairment”) OR AB
(“background noise” OR “noise reduction” OR”hearing aid” OR “hearing aids” OR “hearing
loss”OR “hearing impaired” OR “hearing impairment”)
#2 Listening effort
(DE “Speech Perception”) OR (DE “Memory”) OR TI (“pupillary reflex” OR “listening effort”
OR “perceptual effort” OR “speech perception” OR “speech discrimination” OR”speech
understanding” OR “auditory stress” OR “auditory fatigue” OR “listening fatigue” OR
“cognitive load” OR “Speech Acoustics”OR “Speech Intelligibility” OR “Pupillary reflex” OR
“ease of listening” OR memory) OR AB (“pupillary reflex” OR “listening effort” OR “perceptual
effort” OR “speech perception” OR “speech discrimination” OR”speech understanding”
OR “auditory stress” OR “auditory fatigue” OR “listening fatigue” OR “cognitive load” OR
“Speech Acoustics”OR “Speech Intelligibility” OR “Pupillary reflex” OR “ease of listening”
OR memory)
Cochrane Library:
#1 Hearing aid (technology)
“background noise” OR “noise reduction” OR “hearing aid” OR “hearing aids”OR “hearing
loss”OR “hearing impaired” OR “hearing impairment”
#2 Listening effort
“Speech Perception” OR “Pupillary reflex” OR “listening effort” OR “perceptual effort” OR
“speech perception” OR “speech discrimination” OR”speech understanding” OR “auditory
stress” OR “auditory fatigue” OR “listening fatigue” OR “cognitive load” OR “Speech
Acoustics”OR “Speech Intelligibility” OR “ease of listening” OR memory
#4 excluded publication types
NOT (“addresses”[Publication Type] OR “biography”[Publication Type] OR
“comment”[Publication Type] OR “directory”[Publication Type] OR “editorial”[Publication
Type] OR “festschrift”[Publication Type] OR “interview”[Publication Type] OR
“lectures”[Publication Type] OR “legal cases”[Publication Type] OR “legislation”[Publication
Type] OR “letter”[Publication Type] OR “news”[Publication Type] OR “newspaper
article”[Publication Type] OR “patient education handout”[Publication Type] OR “popular
works”[Publication Type] OR “congresses”[Publication Type] OR “consensus development
conference”[Publication Type] OR “consensus development conference, nih”[Publication
Type] OR “practice guideline”[Publication Type]) NOT (“animals”[MeSH Terms] NOT
“humans”[MeSH Terms])
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Appendix B
Beta estimates on the performance scores and PPD for each SNR show the mean
differences between NH and HI listeners. The lowest SNR for each masker type was the
corresponding reference SNR.
Beta estimates as provided by the LMM analysis for the stationary noise masker.
SNRs [dB] compared
to reference SNR
-12 dB

-8

-4

0

+4

+8

+12

+16

Beta estimates on
performance scores

3.45

22.54

23.20

8.99

1.67

0.79

-0.46

-0.026

-0.019

-0.092

-0.079

-0.074

-0.061

-0.091

Beta estimates for
PPD

Beta estimates as provided by the LMM analysis for the single-talker masker.
SNRs [dB] compared
to reference SNR
-25 dB

-20

-15

-10

-5

0

+5

+10

+15

Beta estimates on
performance scores

3.55

23.24

42.67

48.57

30.31

15.81

1.01

1.95

Beta estimates for
PPD

0.04

0.08

0.01

-0.04

-0.07

-0.08

-0.05

-0.05

Beta estimates as provided by the LMM analysis for both masker types: stationary versus singletalker masker.
SNRs [dB] compared
to reference SNR
-10 dB

-5

0

+5

+10

+15

Beta estimates on
performance scores,
single-talker masker

19.68

22.93

26.89

39.39

38.04

Beta estimates for
PPD, single-talker
masker

0.12

0.04

0.04

0.01

0.05
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Appendix C
Beta estimates on the sentence recognition performance scores and PPD for each SNR
level show the mean differences between inactive and active noise reduction scheme
setting. The SNR levels are compared to the lowest SNR at -12 dB.
SNRs [dB]
compared to
reference SNR
-12 dB

-8

-4

0

+4

+8

+12

+16

Beta estimates
for performance
in stationary
noise masker

-33.68

-40.57

-5.68

7.92

11.03

11.67

11.40

Beta estimates
for performance
in the 4-talker
masker

-26.57

-46.05

-20.73

-4.07

4.57

4.40

5.97

Beta estimates
for the PPD
collapsed across
stationary noise
masker and the
4-talker masker

-0.03

0.04

0.08

0.05

0.03

0.01

0.03
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Summary

Pupillometry as a window onto listening effort: interactions between hearing impairment,
hearing aid technologies and task difficulty during speech recognition
Currently available knowledge can only partly explain the relationship between a listeners’
hearing ability, cognitive skills, speech recognition and the pupil dilation during speech
recognition. Current evidence is limited to a restricted range of listening conditions and not
yet confirmed for hearing-impaired listeners. The aim of this dissertation was to investigate
the impact of hearing impairment and hearing aid technologies on speech recognition and
listening effort. Four scientific studies were performed.
In the field of hearing and listening effort research, the number of methods to assess listening
effort is constantly increasing but emerging evidence is not consistent. A systematic review
of the existing evidence was first performed to determine the current state of knowledge
regarding the effect of hearing impairment and hearing aid amplification on listening effort.
The results indicated that listening effort can be larger for hearing impairment listeners as
compared to listeners with normal hearing. People that are hard of hearing may perceive
a degraded auditory input signal. Processing and understanding such a signal is assumed
to affect the amount of task-evoked effort, depending on the listening situation. However,
it is still not clear how hearing-impaired listeners allocate the amount of effort they spend
across listening conditions. Our results from the systematic literature review did not indicate
clear scientific evidence supporting reduced listening effort due to hearing aid amplification.
In daily-life communication situations, signal to noise ratios may vary from very low to very
high and involve different types of background maskers such as interfering speech or more
stationary noise. It is still unknown whether the pupil response during speech recognition
differs between hearing-impaired and normal-hearing listeners and in which listening
conditions those differences occur. The second study had an experimental design. We aimed
to better understand in which listening conditions hearing-impaired listeners invest more
effort relative to normal-hearing listeners, and in which conditions the allocated effort might
be lower. The impact of stimulus-related factors and hearing impairment on listening effort
was investigated in a group of hearing-impaired and age-matched normal-hearing listeners.
A broad range of signal-to-noise ratios was tested for a stationary and a single-talker masker
corresponding to sentence recognition performance varying from 0% to 100% correct,
including everyday life listening conditions. For both masker types, the results suggest an
interactive effect between a listeners’ hearing ability and the signal-to-noise ratio of the
auditory stimuli on the pupil response during listening. Different patterns of pupil responses
were found across signal-to-noise ratios between listener groups. Normal-hearing listeners
showed maximum pupil responses across a small, pronounced range of signal-to-noise
ratios for the stationary and the single-talker masker. Good hearing abilities may allow them
to be adaptive in their allocation of effort across speech-to-noise rations. Hearing-impaired
listeners showed maximum pupil responses across a wide range of positive speech-to-noise
ratios. Both groups of listeners invested most effort, as indicated by the pupil responses,
around 50% correct performance levels.
Previous research in the domain of speech perception and listening effort suggests that
the pupil response, examined during speech recognition, sensitively reflects the influence
of individual cognitive abilities. However, it is still not clear how associations between
cognitive abilities, such as working memory capacity, and speech recognition may differ
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between normal-hearing and hearing-impaired listeners. In Chapter 4, we assessed whether
differences in the pupil response and sentence recognition performance could be explained
by the listener’s cognitive abilities. For the same groups of hearing-impaired and normalhearing listeners, working memory capacity and inhibition of interfering information and
linguistic closure were examined. Our results show that normal-hearing and hearingimpaired listeners with better cognitive abilities have better speech recognition performance
and larger pupil responses. Better cognitive abilities might allow the listeners to expend
more cognitive resources on task performance in difficult conditions.
Hearing aids are designed to improve the audibility of sounds and facilitate better speech
intelligibility in quiet and in noisy environments. Hearing aid users often report that
communication in noisy environments is very tiring and effortful. Recent evidence indicates
that effort can be reduced with noise reduction processing in hearing aids. However,
current evidence is only available for a very limited range of listening conditions. It still
remains unclear how hearing aid users invest listening effort across a broader range of
listening conditions and how effortful listening relates to speech recognition performance.
The purpose of a second experimental study (Chapter 5) was to examine whether a noise
reduction scheme in hearing aids can reduce the effort for hearing-impaired listeners
during speech recognition. Speech recognition performance and the pupil response were
measured for a group of experienced hearing aid users wearing commercial hearing aids. A
large range of SNRs for a stationary noise masker and a 4-talker masker was tested when the
noise reduction processing was either active or inactive. For both masker types, we found a
beneficial effect of the noise reduction scheme on sentence recognition performance and
listening effort. The sentence recognition performance function was overall shifted towards
negative (more difficult) SNRs. The corresponding pupil response was reduced at high SNRs,
indicating decreased listening effort when speech recognition is proportional to everyday
life listening environments for the hearing-impaired. Increased pupil responses at very
difficult SNRs indicate that listeners were engaged in difficult listening conditions that would
be impossible to follow without hearing aids.
The unique contribution of this thesis is the remarkably comprehensive dataset on speech
recognition performance and the corresponding pupil dilation across a broad range of
SNRs, including SNRs that reflect everyday life listening conditions. The results suggest that
the allocation of listening effort depends on the relationship between the difficulty of the
listening condition and the listeners hearing ability. Commercial noise reduction processing
in hearing aids can allow hearing-impaired listeners to regain access to noisy listening
conditions, which might be too difficult and too frustrating to participate in without hearing
aids. Our results show in addition that noise reduction processing can reduce listening effort
required during speech recognition in a stationary and a 4-talker masker. Our results for the
4-talker masker suggest that some aspects of listening effort may be reduced by the noise
reduction processing, independent of the signal-to-noise ratio.
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Samenvatting

De pupil response/grootte weerspiegelt luisterinspanning: interacties tussen
slechthorendheid,
hoortoesteltechnologieën
en
taakmoeilijkheden
tijdens
spraakherkenning.
Het is niet precies duidelijk hoe het gehoor van een persoon samenhangt met zijn of haar
cognitieve capaciteiten, zijn of haar vermogen om spraak te verstaan en de inspanning
die dat kost. Er bestaan diverse studies waarin naar deze samenhang is gekeken. Veelal
ging het dan echter om onderzoek waarin alleen normaal horende personen deelnamen.
Daarom is nog onduidelijk hoe de genoemde factoren met elkaar samenhangen bij mensen
met slechthorendheid. Het doel van dit proefschrift was om daar meer duidelijkheid
over te krijgen en tevens te onderzoeken welke hoe hoortoestellen en – meer specifiek ruisonderdrukking de relatie tussen die factoren beïnvloeden. Het proefschrift omvat vier
wetenschappelijke studies.
De eerste studie was een systematische review van de literatuur naar de relatie tussen
luisterinspanning enerzijds en slechthorendheid en hoortoestellen anderzijds. Het
onderwerp ‘luisterinspanning’ geniet momenteel grote wetenschappelijke belangstelling.
Hierdoor neemt het aantal studies en de gebruikte methoden drastisch toe. Wat is de
huidige stand van de wetenschap? De resultaten van de systematische review lieten zien
dat slechthorende personen zich tijdens luisteren in het algemeen méér inspannen dan
hun normaal horende leeftijdsgenoten. Wat nu nog niet duidelijk is, is of de mate waarin
slechthorenden zich inspannen afhankelijk is van de hoeveelheid rumoer op de achtergrond.
We weten immers dat slechthorenden vooral in rumoerige omstandigheden moeite hebben
met verstaan. Uit de systematische review bleek verder dat er geen hard wetenschappelijk
bewijs is voor het feit dat hoortoestellen luisterinspanning verminderen. Dat heeft vooral
te maken met het feit dat er nog weinig echt vergelijkbare studies zijn. De methodes die
worden gebruikt zijn verschillend, evenals de condities waarin spaakverstaanbaarheid
wordt getest.
In het dagelijks leven kunnen de luisteromstandigheden heel verschillend zijn. Soms is het
heel stil met weinig geluid op de achtergrond (de zogenaamde signaal-ruis verhouding is
dan heel hoog). Soms is er veel omgevingslawaai (de signaal-ruis verhouding is dan heel
laag). Ook het soort omgevingslawaai kan verschillen. Er kunnen veel mensen door elkaar
praten, of er is een constante geluidsbron aanwezig, bijvoorbeeld het gezoem van een airco.
De tweede studie richtte zich op het systematisch onderzoeken van de verstaanbaarheid van
spraak én de daarmee gepaard gaande luisterinspanning van slechthorenden en normaal
horende luisteraars in verschillende luisteromstandigheden. Luisterinspanning werd
gemeten met behulp van pupillometrie. Dat is het registeren van de grootte van de pupil van
het oog. Hoe wijder de pupil, hoe meer inspanning er over het algemeen wordt geleverd.
De mate van verstaanbaarheid werd gevarieerd van 0% tot 100%. De resultaten lieten een
interactie zien tussen het gehoor van de luisteraar (goed of slecht) en het spraakverstaan
(gemeten als % correct) over de reeks van lage tot hoge signaal-ruis verhoudingen. Die
interactie was er zowel wanneer er een storende spreker op de achtergrond te horen
was als wanneer er een constante geluidsbron aanwezig was. Deze interactie was er ook
voor de analyses met de pupilresponse (luisterinspanning) als uitkomstmaat. Normaal
horende luisteraars leverden maximale inspanning in een relatief klein gebied van
spraakverstaan (rond de 50%). De luisterinspanning van slechthorenden had echter een
veel vlakker patroon en strekte zich uit over een breder gebied (van lage verstaanbaarheid
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tot heel goede verstaanbaarheid). Met andere woorden: wanneer luisteren vrij makkelijk
werd doordat de hoeveelheid achtergrondlawaai aanzienlijk verminderde, bleef de
luisterinspanning van slechthorende luisteraars toch nog relatief hoog, in tegenstelling tot
de inspanning van normaal horende luisteraars. In de derde studie (hoofdstuk 4) hebben
we onderzocht of iemands cognitieve vaardigheden invloed hebben op de relatie tussen
achtergrondrumoer en inspanning. Van dezelfde slechthorende en normaal horende
luisteraars werden hun werkgeheugencapaciteit, taalvaardigheid, en hun vermogen om
storende informatie te negeren, gemeten. Luisteraars (zowel normaal- als slechthorende)
met goede cognitieve vaardigheden konden – in vergelijking met mensen met minder goede
cognitieve vaardigheden – beter verstaan. Ook hadden ze een grotere pupil reactie (d.w.z.
ze leverden meer luisterinspanning). Het lijkt er dus op dat betere cognitieve vaardigheden
de luisteraars in staat stellen om cognitieve of mentale vaardigheden beter te benutten
en zodoende hun prestaties op de spraakverstaanbaarheidstest te verhogen, vooral in
moeilijker luistersituaties (met veel achtergrondlawaai).
Hoortoestellen zijn ontworpen om de hoorbaarheid van geluiden te verbeteren en een betere
spraakverstaanbaarheid te bevorderen in stille en rumoerige situaties. Ook gebruikers van
hoortoestellen melden vaak dat communicatie in een rumoerige omgeving erg vermoeiend
en inspannend is. Recent onderzoek geeft aan dat de inspanning kan worden verminderd
met ruisonderdrukking-systemen in hoortoestellen. Het huidige bewijs betreft echter alleen
een zeer beperkt aantal luisteromstandigheden. Het is dus nog steeds onduidelijk hoe
gebruikers van hoortoestellen inspanning leveren in verschillende luisteromstandigheden en
hoe dit samenhangt met het verstaan van spraak. Het doel van de vierde studie (hoofdstuk 5)
was om te onderzoeken of ruisonderdrukking in commerciële hoortoestellen de inspanning
van slechthorenden tijdens het verstaan van spraak kan verminderen. De prestatie en de
pupil reactie werden gemeten in een groep ervaren hoortoestelgebruikers die commerciële
hoortoestellen droegen. De luisteraars hoorden een spreker in een stationaire ruis of in
een stoorgeluid bestaande uit de spraak van vier sprekers. Een vrij groot aantal signaal-ruis
verhoudingen werden toegepast, en de ruisonderdrukking was daarbij actief of inactief. Voor
beide types achtergrondrumoer vonden we een gunstig effect van de ruisonderdrukking
op het verstaan en de luisterinspanning. Luisteraars bleken door de ruisonderdrukking
beter in staat om spraak te verstaan in moeilijke condities, en de pupil reactie was kleiner
in makkelijkere luistercondities. Dit duidt op verminderde luisterinspanning in alledaagse
luistersituaties. In erg moeilijke luistersituaties werd de pupilresponse juist groter bij
het gebruik van ruisonderdrukking. Dit komt waarschijnlijk omdat de luisteraars zonder
ruisonderdrukking niet in staat waren om de spraak te verstaan en daardoor opgaven. Met
ruisonderdrukking probeerden ze het weer en dit leidde tot een grotere pupil response.
Dit proefschrift draagt bij aan het begrip van de complexe relaties tussen gehoor, inspanning,
en spraakverstaan. Uniek aan dit werk is de uitgebreide dataset met gegevens over het
effect van gehoorverlies en ruisonderdrukking op spraakverstaan en de pupil reactie in veel
verschillende luistercondities, inclusief dagelijkse luisteromstandigheden. De resultaten
suggereren dat luisterinspanning afhangt van de interactie tussen de moeilijkheid van
de luisterconditie en het gehoor van luisteraars. De toepassing van ruisonderdrukking in
commerciële hoortoestellen geven slechthorende luisteraars weer de kans om spraak te
verstaan in rumoerige situaties waarin ze zonder ruisonderdrukking zouden afhaken. In
minder moeilijke situaties werd de inspanning lager door de ruisonderdrukking.
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